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STUDY OF A NAVIGATION AND TRAFFIC 
CONTROL TECHNIQUE EMPLOYING SATELLITES 
Volume IV: Ground Station and Satellite 
By David D. Otten 
1. INTRODUCTION 
This volume consists of four major sections. Sec. 2 presents a 
discussion of the ground network required to implement the NAVSTAR 
system. 
extremely simple, low-cost ground stations, In addition, a computation 
center and a telemetry and command station (i. e . ,  an existing STADAN 
station) a r e  required. 
stationkeeping and attitude control commands. 
and oscillator time correction data a r e  transmitted to each satellite 
approximately once every hour. 
It can be seen that the interim Atlantic network consists of three 
The commands capability includes transmission of 
Further,  the ephemeris 
. In  sec. 3 ,  the discussion covers the equipment which would go on 
board a satellite both to generate the navigation signal and to transmit it 
to the visible earth. Further,  sec. 3 describes the satellite equipment 
required to implement voice links between low-performance terminals, 
e. g., aircraft. 
The detailed satellite preliminary design is given in sec. 4. 
overall configuration presented is followed by results of the preliminary 
design studies for each subsystem. 
vides the navigation signal and ephemeris data to a l l  users. 
the satellite will  be used as a communication link for relay of tracking 
information among the network of ground stations. 
satellite has not yet been designed to provide traffic control links for 
users ,  this provision will  be met, and the results will be documented a s  
an addendum to this report. 
The 
The satellite design selected pro- 
In addition, 
However, while the 
Reliability considerations are documented in sec. 5. 
I 
The findings being submitted to  NASA-ERG were the result  of a 
strong team effort. 
tions to the study results contained in the four volumes comprising this 
interim report, the following TRW Systems people made significant con- 
tributions to the analyses presented in this volume: 
While numerous technical personnel made contribu- 
Communications Analysis for the 
Navigation Signal Generation Sub- 
system, Voice Links, Ground 
Station, Design of the Telemetry 
and Command Subsystem: 
Satellite Booster Analyses (and 
support in study direction and 
the technical editing of this 
volume) : 
Navigation Signal Generation 
Subs ys tem: 
Ground Station: 
Appendix B, "Very Stable 
Oscillators - A Survey": 
Satellite Structure : 
Satellite Mass Properties:  
Satellite Attitude Control and 
Antenna Despin System: 
Satellite Dynamics : 
Satellite Positioning/ and 
Orientation Subsystem, and 
Apogee Motor: 
Satellite Electric Power: 
Sat ellit e Thermal C ontr ol : 
Sat ellit e Electric a1 Integra ti on 
Assembly: 
Sat e lli t e Navi gat i on T r an s mitt e r : 
Study Direction, Satellite System 
Design (and preparation responsi- 
bility for this volume): 
2 
A. Garabedian 
F. Holmes 
N. Estersohn, G. Blackman 
T. Nosek, L. Whitman 
J. M. Andres 
A. L. Young 
L. Billingsley 
J. Murrin 
P. Groat, D. Mitchell 
R. C. Miller 
L. Leventhal 
J. Verbeck 
H. Garr  
D. C. Obray 
D. D. Otten 
Satellite Reliability Analysis: G. Pittler 
Ground Station Tracking Antenna: 
Satellite Antenna: L. F. Brohish 
Satellite Telemetry and Command: I. Wilkerson 
Gary Wong 
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2. NAVSTAR GROUND STATION NETWORK 
2. I INTRODUCTION 
This section covers the preliminary study of the requirements for a 
ground system to support a navigation satellite system consisting of a two- 
orbit network with eight synchronous satellites in each orbit. Included for 
consideration in the ground system are:  
m Tracking stations capable of receiving the satellite's 
transmitted ranging signal and determining range 
(range-difference) to visible satellites. 
m Telemetry receiving and command sites to monitor satel- 
l i te telemetry and transmit commands and updated infor- 
mation to the satellites. 
0 A master  computation center, which would receive data 
from the tracking sites and compute orbital data for trans- 
mission to the satellites by the command stations. 
Locations for the various stations a r e  suggested and functional descriptions 
are provided. Some preliminary cost estimates a r e  also developed. 
2.2 GROUND STATION CONFIGURATION 
A proposed network of supporting ground stations is shown in Fig-  
The distribution of tracking sites is designed to achieve advanta- ure  1. 
geous tracking geometry resulting in higher accuracy. 
vol. 11, it is likely that further study will  demonstrate that the total 
number of tracking sites can be reduced. 
As discussed in 
Figure 2 is a functional block diagram of the ground station system. 
All of the station systems will  not be repeated at every ground station. For  
example, telemetry and command facilities will  be restricted to one station 
for  the interim Atlantic network. The other stations will  provide tracking 
support for the NAVSTAR system, with the communication equipment that 
is required to transmit received tracking data to a computing site. 
computing site can be situated at any convenient location. 
block diagram actually represents a composite station. 
I1geometry" of ground station coverage is desirable only for the purpose 
of tracking support. Centralization of the computing site requires more 
This 
The functional 
Widespread 
5 
6 
a 
F: 
3 
0 
8 
d) 
2 
B a 
k 
I-l 
study with respect to the costs of communicating data from the ground 
stations to the central computing site versus the costs of duplicating 
computing facilities at remote stations. 
COMMUNICATION 
EPHEMERjS DATA, 
COMMAND SIGNAL 1 
Figure 2. NAVSTAR Ground Station Functional 
Block Diagram 
Additional ground-station functions, such as aircraft  advisory, air 
traffic control, etc., that may influence the location and equipment for a 
ground station, a r e  not considered here. 
2. 2. 1 Tracking Stations 
Navigation satellite-orbit determination may be achieved in a manner 
compatible with the navigation function of the satellite by utilizing the 
navigation-ranging signal from the satellite as  the pr imary tracking signal. 
Ground stations with receivers fo r  this signal can obtain continual ranging 
signals in a manner similar to a system user. Given ground station loca- 
tions, these data may then be used in an orbit-determination computer 
program to predict the satellite's position and velocity. 7 
Configuring the ground station to be similar to a user ensures low 
cost; in addition, using the navigation ranging link for tracking allows the 
network-computing system to evaluate biases (due to oscillator e r r o r )  in 
the signal. 
ation. 
This parameter is vital to accurate user position determin- 
The ranging data f rom the ground station would be sent back to a 
central computing center by a communication link in the satellite, 
requiring a communications transmitter at the site. 
required for operation of the ground-station tracking (i. e., navigation 
signal ranging) is simple and inexpensive. Note the compact design of 
the antenna for receiving the ranging signal a s  shown in Figure 3. The 
ranging signal receiver would be a modified and improved version of the 
user receiver and, therefore, would be slightly more costly. 
The equipment 
The ground-station building would be small and no personnel would 
All sites suggested for the be required except for  periodic maintenance. 
stations a r e  close to populated areas;  hence, power should be available 
f rom commercial or public supplies. 
2 .2 .2  Tracking Antenna 
The L-band antenna, which receives the satellite ranging signal a t  
the tracking station, must be capable of switching from satellite to  satel- 
lite at 1. 5-sec intervals. To meet these requirements, yet provide 
coverage for a l l  satellites within view of a ground station, the a r r ay  
shown in Figure 3 is proposed. Being a 7-element a r r a y  of dipole ele- 
ments with 60° dihedral reflectors, the antenna provides a minimum of 
12-db gain. 
coverage provides 4-10 horizon coverage for  satellites near the equator 
(e. g., the k18.5 
antenna sensitivity to different polarizations of the incoming signal) is 
less  than 2 db. 
elements provides capability for  receiving from any of the visible 
satellites. 
It is stationary, with a beamwidth of 50° by 160°. This 
0 
0 inclination system proposed). The axial ratio (ratio of 
The antenna is circularly polarized. Switching between 
I 
/ 14 DB 
1 \ 
\ 
\ 
\ 
TYPICAL p . 
ANTENNA 
P ATTERN 
(a) ELEMENT DESIGN 
(b) ARRAY DESIGN 
Figure 3. Ground Station Antenna 
2.2.3 Telemetry and Command Stations 
The telemetry/command stations are more complex, and it is sug- 
gested that the existing STADAN Network be used. 
command links require a 30-ft antenna (see par. 4.8.6). 
The telemetry and 
The equipment block diagrams represent equipment requirements 
for  telemetry and command functions (except for antenna). 
requirement to use S-band for  these functions has oriented this section 
primarily to  that frequency. 
The probable 
9'  
Figure 4 shows a simplified block diagram. The data received in 
the telemetry would include satellite power levels and environmental data 
needed to detect failures. 
more satellites in orbit at  one time, would be designed to minimize telem- 
etry requirements following a test  phase that is sufficient to determine 
system MTBF. 
transmission, the minimum acceptable telemetry requirements should be 
examined in detail to make cost-effectiveness conclusions on the telemetry 
system which is a large cost item in the ground station. 
normal telemetry represented by PAM data, satellite attitude position data 
a r e  received by the telemetry channel. These data a r e  fed to the computer 
for determinations of satellite attitude. 
It is likely that a worldwide system, with 16 or  
Since the primary purpose of the system is navigation data 
In addition to the 
The command system is used to update the values of ephemeris and 
oscillator bias stored on board each satellite for retransmission to the 
NAVSTAR. users  and t o  transmit thruster firing pulses for repositioning 
the satellite attitude as determined by the attitude telemetry data. 
tion, various system commands will be transmitted to control the state of 
satellite equipment, including oscillator frequency reset. 
In addi- 
30 FT 
%t!%N,A , 
A N T E N N A  
CONTROL 
UPDATE 
INPUT (FROM EPHEMERIS 
COMPUTER) 
TRANSMITTER 
10 
Figure 4. General NAVSTAR Ground Station for Command 
and Telemetry, Block Diagram 
The computer is used to calculate the necessary commands, includ- 
ing time and duration of attitude thruster firings, and to monitor and dis- 
play telemetry status. 
ephemeris update computer depending on the location of the two functions. 
If two separate computers a r e  used, ephemeris update information must 
be provided to the telemetry and command computer to generate the 
update commands. 
2.2.4 Computation Center( s) 
This computer may or  may not be par t  of the 
Three general functions a r e  required of ground-station computers, 
as follows: 
1) Satellite ephemeris (and oscillator bias) calculation 
2) Maintenance of station operation in the areas  of encod- 
ing, antenna switching, telemetry supervision, etc. 
3) Determination of satellite attitudes. 
The first function wil l  be associated with a large "master" computer, 
serving a large a rea  presumably occupied by multiple ground stations, 
which wil l  transmit data on satellite measurements to the central station. 
The computer at the central station would be required to compute the 
ephemerides of a number of satellites on a continual basis. 
The second function will  be associated with the operation of the 
individual stations, such a s  controlling the operation of antenna, trans- 
mitting, and operating command and receiving equipment. 
may be performed by a smaller computer at each station, with the larger  
master  system devoted primarily to ephemeris determination and to com- 
putation of system-wide operations. 
with this possible division of tasks, with the ephemeris calculations for 
multiple satellites and with the subsidiary tasks separately sized. 
This function 
The sizing of computers is consistent 
The third function may be performed either by the master computer 
o r  by computers located a t  the telemetry and command stations. In either 
case,  the computer must determine satellite attitude from received telem- 
etry and generate, if necessary, commands for satellite reorientation. 
The ephemeris-calculation for as many as 16 synchronous satellites 
with updates of oscillator-error values at frequent intervals will be a 
major computation task. 
Computer requirements may be estimated by comparison with 
existing orbit-determination programs such as ESPOD, a large TRW 
orbit determination program. 
with one program sequentially by satellites if the computation cycle time 
were fast enough to meet data input flow for n satellites. Given a 10 to 
15 min update requirement (for clock bias), it is probable that a single 
program similar in size to  ESPOD could sequentially process data 
satellite by satellite. 
cycle time per satellite for a regional system of 8 satellites. 
program uses about 200,000 bytes (8 bit units) in core which, in a 32-bit 
word machine, occupies a 50,000-word core storage block. A system 
such as the IBM 360-50 computer accommodates this program. However, 
the program does not totally f i t  core since links are used which move into 
core sequentially for  different processes in the computation. 
multiprogramming of such a system would be difficult in  a 50,000-word core 
because of the complicated transfers into and out of core of the program 
links. 
reas  onable efficiency, would require the entire orbit-determination pro- 
gram to exist in core at one time. 
class program is about 100,000 words. 
accommodate data storage fa r  each sateliite. 
Processing of the data could be handled 
This would be equivalent t o  a 2-min computation 
This 
Extensive 
Multiprogramming to handle multiple satellites simultaneously for  
Required capacity for an ESPOD 
To this,  blocks would be added to 
Current 64,000-core machhes ,  such as the IBM 360-50, could 
handle an orbit deterrnination program if satellites were processed 
sequentially. 
core storage plus data storage for each satellite. 
machines such as the GE system (128K) might accommodate a multipro- 
grammed system for simultaneous data reduction, although further study 
will be required. 
computation in an efficient fashion. 
Simultaneous processing will require upwards of 100,000- 
Large, third-generation 
Such a technique would be required for a recursive 
12 
A lower-level computer will be required at the master  si te to sor t  
data, edit, and preprocess for  the large machine. 
representative system, and is also a candidate for a telemetry /command 
site computer, a s  it is designed for  data-acquisition and control system. 
It is available with 4,000, 8,000, 16,000 o r  32,000 storage. 
The IBM 1800 is a 
Figure 5 shows general data processing flow at the master com- 
puting s ite. 
2.3 LOCATIONS 
The NASA STADAN Network can provide the facilities for the telem- 
Four si tes will be adequate to cover the 16- etry and command functions. 
satellite system. 
Shown are the number of satellites in view at each site (elevation angle 
>5O). The 30-ft antennas required for telemetry are met by the 40- o r  
85-ft antennas existing at these sites. 
Coverage data for the four sites a r e  shown in Table I. 
TRACKING STATIONS 
COMMAND SiTES 
--- COMPUTER 
INTERFACE 
DATA STORAGE 
TRAJECTORY 
Figure 5. Computer Center Data Flow 
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TABLE I 
STADAN TELEMETRY NETWORK/ COMMAND 
STADAN Station 
Number of 
Satellites 
Visible 
Rosman, N.C. 6 
Or roral  , Australia 6 
Johannesburg, S. A. 6 
Goldstone, Calif. 6 
The NASA USB network has numerous stations providing generally 
good, redundant coverage on an 18.5 
(See Table 11. ) This network, however, has a large longitude gap of about 
120° between Carnarvon and Madrid so that, although all satellites are 
tracked, at least one will be viewed by only one ground station in this 
area. 
coverage requirements, some added support in the Indian Ocean area 
would be required to yield redundant tracking for all satellites. The USB 
network contains a number of stations in the western hemisphere near the 
United States (Bermuda, Antigua, Grand Bahama, Cape Kennedy, Texas, 
Guaymas, Goldstone) so that ground stations here would give heavily 
redundant tracking over the United States and western portion of the 
Atlantic. 
0 orbit for the tracking function. 
Hence, although USB appears to provide a reasonable network from 
USB stations at Goldstone and Madrid are equipped with 85-ft dish 
antennas, the others with 30-ft dishes. 
by tracking ships. 
primarily and the 30-ft dishes provide earth orbital data (Ref. 7). 
S-band coherent doppler and pseudo-random range code system 
Additional support is furnished 
The 85-ft antennas provide data on the lunar mission 
An 
developed by the Jet Propulsion Laboratory is used; a single car r ie r  is 
used for tracking and communication data. 
USB requirements fo r  Apollo support would rule out use of the 
system for continuous NAVSTAR support. However, again, the well- 
established facilities and good tracking coverage generally provided 
14 
TABLE 11. 
NASA USB NETWORK 
USB Station 
Madrid 
Grand Canary Is. 
As cens ion Is. 
Antigua 
Bermuda 
Grand Bahama Is. 
Cape Kennedy 
Texas 
Guaymas , Mexico 
Golds tone 
Hawaii 
Guam 
Canbe r r a, Australia 
Carnarvon, Australia 
Number  of 
Satellites 
Visible 
6 
6 
6 
7 
6 
6 
6 
8 
6 
6 
7 
7 
'6 
6 
~ ~~~~ 
for a potential NAVSTAR system indicate further study of USB sites for 
a civil NAVSTAR system. 
required between Australia and Ascension o r  Madrid. 
Islands of the SCF network represent a possible site. 
A configuration for a worldwide system, considering existing 
Additional support in tracking would be 
The Seychelles 
tracking sites in general. and with some regard to  geopolitics, was deter-  
mined. 
of satellites "seen" by each. 
These stations are listed in Table 111 together with the number 
The table illustrating the number of stations viewing each of 16 
satellites is shown on Table IV for these stations. 
numbers in parentheses are those which track only part-time. Note that 
each satellite is viewed all of the time by three stations o r  more for  two 
f 18.5' inclination orbits. 
one from redundant tracking considerations. Currently, about all of the 
above stations are sites for one or  more NASA o r  USAF tracking/ 
telemetry facilities. 
Ground station 
This network then represents a reasonable 
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TABLE 111. 
SAMPLE WORLD WIDE NETWORK 
r 
Station 
1) Samoa 
2) Hawaii 
3 )  Mojave 
4) New Orleans 
5 )  Antigua 
6)  Sa0 Paulo, Brazil 
7 )  Ascension Islands 
8 )  Johannesburg, S .  A. 
9 )  Seychelles Islands 
10) Carnarvon, Australia 
11) Guam 
Number of 
Satellites Visible for 
i = 18. 5O 
6 
5 
5 
5 
6 
6 
6 
6 
6 
5 
6 
L 
2.4 COMMUNICATIONS 
The NAVSTAR satellite will  provide communication from ground 
stations to telemetry and command sites. 
in this report, brief calculations were made on the required data flow. 
Although not covered in detail 
Data to be transmitted are: 
1) Time of day of ground station operation 
2) Satellite ID (two required for range 
differ e nc e s ) 
3 )  Value of range or range difference 
Rate  would be 1 per 2 sec for each ground station. Bit requirements are 
time = 35 bits 
ID = 10 bits 
data = 10 bits 
Total = 55 bits 
16 
t 
5 Oo - 3 Oo Satellite i = 18.5O - 
9 5 ,6 ,7 ,8 ,9  
10 6379 8 , 9  
11 7889 9 
12 (71,899 
13 8 9 9 9  10,11 
14 9,109 11 
15 10,11,1 
16 10,11,1,2 
t 
Allowing for encoding, etc., growth to 100 bits would require 50-bps data 
rate. 
will be required. 
This rate is quite low and suggests that no data compaction schemes 
2.5 COSTS 
Specific costing for ground stations cannot be made until firm 
equipment specifications a re  drawn up, 
for  equipment costs may be estimated through comparison of the ground 
station's equipment with existing o r  proposed similar networks, 
S-band unified tracking telemetry and command (SGLS) system has been ~ 
chosen as a reference, since it incorporates a number of features 
s imilar  to NAVSTAR ground stations, although its capability is sig- 
nificantly greater, 
However, approximate figures 
The 
17 
The cost estimates for  internal station equipment a re  exclusive of 
such factors a s  building and construction, personnel support facilities, 
and external emergency power supply, since such factors will depend on 
station location and integration with existing facilities. 
checkout are also not included. 
Installation and 
Cost estimates for the items of Table V (the internal equipment of 
the telemetry and command sites) reveal that such facilities will be sig- 
nificantly more expensive than the simple tracking stations; hence, the 
number of stations should be minimized. Based on reference to SGLS 
initial cost of similar units, approximate costs for the following items 
a r e  presented (for one telemetry/command site): 
TABLE V. 
TELEMETRY AND COMMAND STATION 
Item Cost Estimate 
Transmitter (1 kw class) 
D iple xe r 
Telemetry demodulator 
Command encoder 
Parametr ic  amplifier 
Receiver 
Terminal assembly 
$50,000 
10,000 
35,000 
20,000 
37,000 
55,000 
50,000 
These i tems total about $260,000. 
(consoles, etc. ) for  an SGLS ground station material cost was about 
$ 280,000. Thus, without building, power supply, and installation at  the 
telemetry/command site,  a unit material cost of nearly $600,000 is 
reached. 
The proposed integration equipment 
To this must be added the cost (not estimated) of any communication 
equipment for linking these sites with the central computer or  with other 
sites. The telemetry/ command sites a r e  thus significantly more expen- 
sive than the tracking sites, in which equipment similar to that of a user 
is expected to cost $20,000 to $30, 000. Note also that power supply, com- 
munication equipment, and buildings must be added to these figures. 
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3. SATELLITE EQUIPMENT FOR NAVIGATION 
AND TRAFFIC CONTROL 
This section presents the results of studies of the navigation and voice 
communication links to be used for traffic control. 
tion signal generation subsystem (consisting of the oscillator and time 
base unit for generation of the ranging and data signals) a r e  presented, 
followed by a discussion of the transmitters required, 
Details of the naviga- 
The final subsection is devoted to a discussion of the voice links. 
3.1 NAVIGATION SIGNAL GENERATION 
3. 1. 1 Crystal Oscillator 
The precision atomic clock recommended in the TRW proposal for 
control of Ifpresent time” generation has been replaced in the current 
design with a precision crystal oscillator, which will  be a design similar 
to the one used by the Navy on Transit and other satellites. 
The design will  have double redundancy: two oscillators and two 
crystal ovens in a configuration where either oscillator may be used with 
either oven. The power consumption is  low: 1 /2  w for an oscillator and 
1/2 w for an oven (at 50-percent duty cycle). The overall package is 
relatively large and heavy (4-lb design goal) for the low-power consump- 
tion, but this is necessary to ensure thermal stability and adequate mount- 
ing for shock and vibration. 
control for the ovens for greater precision in  temperature control and 
greater overall r eliability . 
The oscillator design includes proportional 
The stability of this oscillator, when calibrated for aging, wi l l  be 
The better than that originally anticipated for the Rubidium standard. 
expected accuracy has been obtained from Reference 1. 
that the e r ror  wi l l  be less  than 9 f t  within 1 hr elapsed time since the last 
calibration. 
to the user,  the e r ror  would still be less  than 100 f t .  
considered a r e  discussed in app. B. 
It can be seen 
If even 1 day elapses after calibration data a r e  transmitted 
Other oscillators 
19 
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A frequency of 5.12 MHz is recomrnended, 
changed if other considerations demand it when 
but it can easily be 
a prototype design is 
completed. 
signal system, showing how the oscillator f i t s  into the system. 
interconnection signals a r e  also shown. 
3. I. 2 Time Base and Code Generator Uni t  
Figure 6 presents an overall block diagram of the navigation 
Most 
The design for the time base and code generator unit is straight- 
forward; a block diagram and some waveforms a r e  shown in Figure 7. 
The time base unit counts down from the oscillator frequency of 5.12 MHz, 
in binary fashion, to 12.39 sec per cycle. 
generates time-of-day information from the 5-w~ flip-flop in the first 
set of counters. A group of 13 frequencies in the first set  (320 kHz to  
78.125 Hz) is used to generate the BINOR code for range measurement. 
In addition, two control signals are generated for the transmitter: (1) 
a signal for control of transmission to users  (navigation signal control) 
and (2) a signal for  control of transmission to  ground stations tracking 
the satellite (tracking data control). 
A second set of counters 
The majority logic block in Figure 7 is used in generating the 
BINOR ranging code. After examining several ways of performing this 
function, one was chosen because of its simplicity and reliability. 
method is  based on multilevel logic, using modulo 2 adders. 
inputs, as little as 36 gates can define the proper output, most  gates hav- 
ing only 3 inputs. 
would take several hundred gates. 
This 
For 13 
A brute-force approach to the same decision-making 
Alternate methods of mechanizing majority logic involve magnetic 
circuitry and analog circuitry. Analog circuits to  perform this function are 
fairly simple: a summer, a reference voltage, and a comparator. How- 
ever, it was not desirable from a reliability standpoint to use this tech- 
nique. On the other hand, a highly reliable simple magnetic device can 
perform majority logic (a multiwinding toroidal core), but the problem here 
is in interfacing magnetic devices with transistor circuits. However, even 
though logic levels and impedances a r e  different, the magnetic scheme 
becomes feasible when interfaced with magnetic counters and logic. 
development of a largely magnetic digital time base and code generator unit 
is recommended for future study a s  it may offer reliability advantages. 
The 
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SECOND 
TRANSMITTER ON 
DATA MODULATION ON TRANSMITTER ON 
(TO DATA ENCODER (NAVIGATION 
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DATA MODULATION ON 
Figure 7 .  Time Base Unit and Code Generator 
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'1' 
" 1  
i 
If the -hardware of the time base and code generator is  made up of 
Fairchild DTpL 9040 series flatpacks, it is estimated that the package 
would consist of two boards, occupying a space of 7-1/2 x 4-1/2 x 1-1/2 in. 
Power consumption should be about 1.0 w; weight should be about 3/4 lb. 
Two such units are considered necessary to meet  overall reliability re- 
quirements, and the writ to be used will be selected through the telemetry 
command system. 
3.1.3 Data Encoder and Scanner 
Figure 8 gives a logic diagram for encoding data for  transmission 
to satellite users.  
stations at regular intervals (ephemeri s and time correction information) 
and stored in the encoder registers. 
reference update occurs near the start of data transmission during inter- 
nal timing signal DS1 (see  Figure 9) .  At this time, the time-of-day infor- 
mation is  transferred in parallel into the time reference register,  where 
it is held until the next update 12.39 sec later. 
to be generated is fixed for each satellite (ID and frame sync codes). 
These data a r e  received by the satellite from command 
In addition, a more  frequent time 
The only other information 
The information coming out of the scanner has a format of 15 words 
Each of 11 bits each. 
bit is 1/625 sec long. 
t ime for the user preprocessor to achieve bit synchronization. 
bits of information a r e  sent (the last 6, not counting parity, allow for  future 
expansion), giving a total of 200 bits. 
Figure 10 gives the exact arrangement of the data. 
The first 35 bits of the data transmission allow 
Then, 165 
Timing signals DSP and DS1 through DS165 a r e  generated from the 
last four flip-flops of the + 2048 counter and the first five flip-flops of the 
+ 121 counter (625 Hz to 4.88 Hz). The "Data Modulation On" signal 
limits the scanning to the time that data a r e  transmitted, and inhibits 
interference of data with the ranging code. 
A + 11 counter and t ime derivatives from it are used to control entry 
of ephemeris and time-correction data into the correct  registers in a ser ia l  
mode. A set  of signals for control of information transfer from the electri-  
cal integration assembly (E=) to the data encoder registers is shown in 
,Figures 6 and 8. Data bits a r e  transferred 8 at a time via an 8-bit 
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b 1 I I I I I I I I I 
WORD NO. 1 FRAME SYNC 
1 1 1 I I I I I I 1 L 
NO. 6 E PHEMER I S 
I 1 1 I 1 1 I I 1 I I 
PAR I TY 
I 1 1 I I I I I I 
NO. 7 E PHEMERI S 
I I I I 1 I I I I 
PAR I TY 
NO. 8 EPHEMERIS 
PARITY 
I I I 1 I I I I 1 
NO. 9 EPHEMERIS 
NO. 2 
PAR I TY 
NO. 10 
PARITY 
NO. 11 EPHEMERIS I 1 I I I I I 1 1 I 1 
I 1 I I 1 I I I 3 
SATELLITE ID TIMEOF DAY 
1 I I 1 1 I I I 
PARI TY 
NO. 12 
PARITY 
I 1 I I I 
NO. 3 
I I  NO. 131 TIME CORRECTION 
I 1 I I I I I I I 
TIME OF DAY 
_1 I I I I 1 I I I I 
~ 
PARITY 
I 1 I 1 I I I I I 
NO. 14 TIME CORRECTION I 
NO. 4 
26 
1 I I I 1 I I I I 
TJME OF DAY 
i I I I 1 1 1 1 1 I 
PARITY 
NOT USED 
F i g u r e  10. Data Format 
NO. 5 
1 1 1 I I I 1 1 
TIME OF DAY EPHEMERIS 
input register with parallel input and serial output. A 5-kHz signal from 
the time base and code generator unit has been selected to control the 
shift rate; this rate is somewhat arbitrary and can be changed if required. 
A transfer enable signal is sent to the EIA to indicate when message 
transmission is complete; this signal is t rue at the start of transmission 
(initiated by the EIA) and for 11 words thereafter. 
Figure 11 gives details of the digital scanner and er ror  encoding 
generator, which a r e  shown together since most  of the input signals are 
the same. 
proper information and then fed into a modulo 2 adder along with the out- 
put of the 625-Hz flip-flop of the time base and code generator unit. Since 
the data rate is also at 625 Hz, a split-phase data representation results, 
which is  the desired form for the data. 
with the split-phase data and level shifted to meet modulator requirements. 
The final signal has equal plus and minus levels, which will be adjusted 
in amplitude to  final transmitter modulation index. 
The DSP and DSi through DSi65 signals are gated with the 
The ranging code is "or1f gated 
3 . 1 . 4  Erro r  Encoding Generator 
Even parity i s  generated with a single flip-flop. The data a r e  . 
fed into this flip-flop a s  well as  to a modulo 2 adder, as described 
in the preceding subsection. 
sequence with timing signals shown in Figure 9. The parity 
flip-flop will, therefore, be in the correct state at  the time it is 
scanned for parity insertion into the data at the input of the modulo 2 adder. 
Meanwhile, the parity flip-flop is reset so that it can start properly in 
generating parity for the next word. The reset  logic (DSli  through DS165) 
can be set  up (optionally) directly from the counter outputs as the eleventh 
pulse of each 625-Hz count. 
The data a r e  scanned in proper 
3 . 2  L-BAND TRANSMITTER -NAVIGATION SIGNAL SUBSYSTEM 
3.2.1 Introduction 
A 50-w output, L-band transmitter is required for transmission of. 
the navigation signal to users. 
r equir ement s : 
The transmitter must meet  the following 
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Figure 11. Details of Er ror  Encoding Generator and 
Digital Scanner 
Frequency band: 1540 to  1660 MHz 
Bandwidth: 5 M H ~  
8 Frequency stability: One part  in 10 long term 
Signal modulation: ' Phase shift keying (PSK) 
Deviation: 1.2 rad 
Output power : 50 w (min) 
The frequency- stability requirement is specified to reduce the user 
receiver 's  search range for acquisition of the transmitter carr ier .  
stability is easily met by deriving the transmitter drive frequency from 
the satellite's ultra-stable oscillator (one par t  in loio, or better, long 
term). 
but further study should be made to choose between solid-state and a TWT. 
An output of 50-w should be possible within the next year or two as  varac- 
tor diodes a r e  improved. However, a 20-w solid-state output is available 
today by utilizing a power amplifier followed by a varactor multiplier. 
This 
F o r  the 50-w output, an all-solid-state design i s  considered here,  
3 . 2 . 2  Transmitter Design 
Figure 12 i s  a block diagram of a transmitter that wil l  fulfill the 
requirements. 
the phase modulator. After phase modulation, the signal is amplified and 
multiplied to  522.24 MHz. At 522 MHz, power off, 100 w is generated to 
drive a tripler,  which provides 50 w at 1566 MHz. A bandpass filter is 
indicated to limit any out-of-band energy from the transmitter. 
power, gain or loss,  active components and, in some cases,  efficiencies 
a r e  noted on each block. In the corner of Figure 12 is a breakdown of the 
input power anticipated and the overall efficiency of 23 percent that can be 
expected from such a design. 
The 130.36-MHz input signal is amplified and used to drive 
Input 
The only par t  of the design that is limited is 
.P This bandwidth is  adequate to meet  the navigation signal requirements. 
However, since the transmitter will  be time-shared with another signal 
(see Tracking Data Subsystem, subsec. 4.9) the transmitter should be 
designed for a bandwidth of 20 MHz. 29 
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the final tripler, and available diodes for this application fall short of the 
capability required. A diode for this application would have the following 
r equir ement s: 
Maximum diode loss: 
Diode efficiency, n: 
wo/wc: 
1.5 gHz. 
0.025 . f =  C 
Dis sipation: 
Temperature gradient , 
for ~ooOC temperature 
rise 
2 diodes : 
4 diodes : 
1.5 db 
70 percent 
0.025 (min) 
60 gHz (min) 
50 w 
A block diagram of the tripler stage is shown in Figure 13. A 
total of 3 db is allowed for dissipation in the tripler stage, and one-half 
of that l o s s  is in the diode. 
are the VAB-811, made by Varian-Bomac, and the MV1807-1, made by 
Motorola. 
of 7OC/w, and the MVl807-1 has a 8 
these figures, the capability of these diodes is very close to  the require- 
ments of the transmitter, and the multiple chip or stacked varactor develop- 
ments should provide the capability needed shortly. 
would be to use a power splitter, two triplers in parallel, and a power 
combiner in the output. 
a small reduction in overall efficiency. 
Diodes that a r e  now available f o r  this application 
Both have 60 gHz cut-off frequency. The VAB-811 has a 8 
jc  
of 6OC/w. As can be seen from 
jc  
One other possibility 
These could be used with today's components at 
i Figure 1 3 .  Tripler Stage 
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The 130.56-MHz input drive frequency for the transmitter is 
derived from the ultra-stable oscillator in the t ime base unit of the navi- 
gation signal subsystem. 
is shown in Figure 14. 
plied by 21 in a cascaded tripler and X7 multiplier to obtain 107.52 MHz. 
In addition, the 5. 12-MHz oscillator frequency is also mixed with half 
the frequency obtained from the divide-down chain in the time base unit, 
and the 7.68-MHz frequency out of the mixer is tripled to obtain 23.04 
MHz. 
to obtain the 130.56-MHz drive frequency for the transmitter. 
f i l ters  a r e  shown throughout the synthesizer to  remove spurs from the 
multiplier s and mixer s. 
A block diagram of the frequency synthesizer 
The 5.12-MHz oscillator frequency is multi- 
Finally, this frequency and the .107.52-MHz frequency a r e  mixed 
Bandpass 
I 
56 
Z 
I TIME BASE UNIT 
Figure 14. Frequency Synthesis for  Transmitter Drive 
3 . 3  COMMUNICATIONS (VOICE) LINKS 
In this subsection, a typical voice link for  air  traffic control is 
discussed. 
contr 01. 
Further study will define digital links to be used for traffic 
The overall system block diagram and signal flow a r e  give in 
Figure 15. 
ance with current COMSAT corporation philosophy. 
The link from ground station to satellite is  a t  SHF in  accord- 
32 
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Although the L-band region appears as a clear choice for a high- * 
accuracy (implying wideband width) navigation signal, the choice of fre- 
quency band for  aeronautical voice communications is not s o  clear cut a t  
this time. The airlines strongly prefer the VHF region for the following 
r ea s ons : 
1) Assumed compatibility with existing V H F  
communication. 
2 )  The ability to use a low-gain antenna. 
However, spectrum limitations and international complications cloud the 
issue greatly, and there is pressure to use the L-band region despite the 
very real disadvantages from the point of view of the airlines. Since the 
situation is  unresolved at  this time, both frequency bands a r e  considered 
in this analysis. 
3 .  3 .  1 Link Performance 
The traffic control ground station i s  proposed to  have a 32-ft 
parabolic reflector , operating at  54-percent efficiency. 
paramp, the station's sensitivity parameter, G/T, i s  24.0 db. 
With an uncooled 
The satellite' s transponder for traffic control communications con- 
sists of: 
0 Two toroidal beam antennas (circularly polarized, CP), 
a tunnel diode pre-amp, and two TWT's at SHF; 
0 A mechanical despun antenna (CP, diplexer, a tran- 
sistor (or tunnel diode) pre-amp, and a solid-state 
transmitter at V H F  and UHF. 
** 
The aircraft uses a VHF omnidirectional antenna (Cp),  diplexer, 
transistor pre-amp, phase-locked loop receiver, and a power amplifier. 
Table V I  presents the system power budgets for  the four  links 
(i. e., ground- satellite, satellite-ground, satellite-aircraft, and aircraft- 
satellite) involved in creating a two-way simplex system capability. The 
* 
See TRW Proposal No. 8710.000, "Study of Navigation and Traffic Con- 
trol Employing Satellites," 24 January 1967. 
At UHF, the aircraft  is  required to  have an electronically steerable 
34 antenna. 
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T A B L E  VI. 
TWO-WAY S I M P L E X  VOICE L I N K - R F  POWER 
BUDGETS P E R  CARRIER 
Link Pa rame te r s  
; a r r i e r  frequency, MHZ 
rransmitter power output, 
dbw 
rransmission c i rcu i t  
losses ,  db 
Cransmitter antenna gain, 
db 
Cffective radiated power, 
dbw 
3ath loss  (R = 22,000 nmi), 
db 
'olarization loss  (CP-to- 
CP),  db 
Umospheric  effects 
dultipath allowance 
teceiving antenna gain, db 
leceived c a r r i e r  power, 
dbw 
Leceiver noise density, (5) 
dbw/Hz 
Zanier-to-noise density 
ratio,  db-Hz 
tequired car r ie r - to-noise  
density ratio,  (6) db-Hz 
dargin, db 
Notes: 1. Rain mara in  
Ground 
Station 
to  
ia tellit e 
6,000 
17 .0  
0 .5  
53.0 
69.5 
200.3 
0 . 2  
3.0'' 
3.5 
-130.5 
-200.0 
69.5 
sf. 3). 
Satell i te 
to  
Ground 
Station 
4,000 
0.0 
1 . 0  
4 .0  
3 .0  
196.8 
0.2 
2 . 0 ( l )  
49. 6 
140.4 
205.6 
59.2 
53.1 
6. 1 
Aircraf t  to  Satellite 
118 to  136) 
VHF 
130 
26.9 
2 .0  
0.0 
24. 9 
167. 1 
0.2 
-(2) 
3. o ( ~  
12 .0  
33.4 
97. 5 
64.1 
(1540 to  1660 
UHF 
1,600 
13.0 
2.0 
25.0 
36.0 
188.1 
0.2 
0. 5(3) 
15.0 
-133.8 
-199.6 
61.8 
Satellite to  Aircraf t  
118 to  136) 
VHF 
130 
20. 0 
1 . 0  
12.0 
31. 0 
167.1 
0 .2  
-(2) 
3. o ( ~  
0.0 
-139.3 
-198.6 
59.3 
53.1 
6. 2 
1540 to 1660 
UHF 
1,600 
10.0 
1 .0  
15.0 
24.0 
188.1 
0 . 2  
0. 5(3) 
25.0 
-139.8 
-199. 6 
59.8 
53.1 
6.7 
.2. Value und'efii 
3. Atmospheric and ionospheric attenuation (Ref. 2 ) .  
4. 
5. 
; therefore ,  a 6-db marg in  should be used  to  account for it (Ref. I). 
Theoretical  value for  elevation angles of approximately 10' (Ref. 1). 
The respective rece iver  sys t em noise tempera ture  ( T  ): 
0 Satellite ( 6  GHz) 720°K 
0 Ground (4 GHz) 200 
0 Satellite (VHF) 1300 
0 Satell i te (UHF) 800 
0 Aircraf t  (VHF) 1000 
0 Aircraf t  (UHF) 800 
6. This required car r ie r - to-noise  density ra t io  is f o r  a simplex sys tem using F M  with a 
phase-locked loop demodulator (see discussion). 
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critical link for voice communications is the satellite-to-aircraft path, 
since the most  severe technical limitations are in the development of the 
satellite transmitter and the aircraft  antenna. 
The proposed voice system requires a satellite transmitter power 
output per ca r r i e r  of 100 w at VHF o r  10 w at UHF. 
mit ters  require power outputs of: 
The remaining trans- 
1) Ground: 50 w 
2) Satellite (SHF): Iw 
3) Aircraft (VHF): 500 w 
4) Aircraft (UHF): 20 w 
The densities of the voice receivers, Qn(i. e., kTS) a r e  determined 
by their system noise temperatures (Ts referenced at pre-amp or  low noise 
amp) where, 
0 
T = antenna temperature contribution ( K) a and 
T = thermal temperature of the transmission line 
(approximately 29OoK) 
L = transmission line loss (power ratio) 
F = noise figure of pre-amps or low noise amps 
(power ratio) 
T = standard reference temperature (290OK) 
0 
= noise contribution of satellite (applicable to 
Tsat ground station and aircraft ,  assumed 30°K) 
36 
The following tabulation lists the elements of the Ts calculation for 
each of the voice system receivers: 
Carr ier  
Receiver Frequency 
Location (MH4 
Satellite 6000 
Ground station 4000 
Satellite 130 
Satellite 1600 
Aircraft 130 
Aircraft 1600 
Ta 
290 
30 
1000 
20 
1000 
20 
L F 
(db) 
1.0 5.0 
0.5 1.42/112°K 
I. 0 4.0 
1.0 5.0 
2.0 2.5 
2.0 5.0 
( db) --
T 
S 
7 20 
200 
1300 
800 
1000 
800 
3 .3 .2  Modulation-Demodulation Discussion 
Peaks in speech power 15 db above the average speech power can 
be expected for about 0.1 percent of the time; however, peak clipping to 
reduce peaks in power to 7 or 8 db above average power still retains high 
speech intelligibility in voice systems. 
signal-to-noise ratio, (S/N)o, it is convenient to use a f u l l  load tone in 
place of speech as the modulation signal. 
of 3 db, i. e., the peak power is twice the average. 
speech-peak factor (after clipping) of 7 db, a tone with the same peak 
power has a 4-db higher average power; o r  a system designed to  provide 
a 20-db r m s  speech-to-rms noise ratio wil l  have a 24-db full load tone- 
to-noise ratio, 
In calculating the voice output 
A sine wave has a peak factor 
Therefore, with a 
.I. -6- 
The voice system considered uses a phase-locked demodulator to 
take advantage of its threshold extension characteristics over a conven- 
tional FM discriminator. 
ships and design curves presented in  Ref. 5, where the standard FM 
The design is completed by using the relation- 
*P. V. Dimock and J. 0. Repogle, "Technical Characteristics of Voice 
Communications Systems for Earth-Space Linkslf prepared for  CCZR 
Study Group IV Subgroup I, i September 1961, 
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improvement 
where 
k =  
2 Af = 
f =  
0 
(SNR) formula is rewritten as 
3 k2 Af2 
(4.25 fo) 
peak speech-to-rms speech (7 db) 
2 mean square frequency deviation (Hz ) 
the break frequency of an average speech spectra, 
(800 Hz) 
2arrier-to-noise density ratio in the IF predetection 
3andwidth of the receiver. 
For  a demodulator specified to have an upper bound of 2 percent 
out-of-lock condition, combined with a peak factor of 7 db for voice, 
yields an r m s  frequency deviation of 1.92 kHz and a 20-kHz predetection 
bandwidth for  the receiver. 
of 24 db, the required IF carrier-to-noise ratio is 10 db. 
C/Qi of 53 db or  53. I db, as is presented in Ref. 3, and this value is used 
as the required C/4e in the power budget table. 
.b A* 
F o r  a full load tone signal-to-noise ratio 
This gives a 
Because the tropospheric and ionospheric effects a r e  still  undefined, 
the design allows a power margin of 6 db. Each additional car r ie r  would 
require a 3-db increase in the effective radiated power of the satellite in 
each link tested. 
A- * The voice channel bandwidth is equal to 4.25 f o  o r  3.4 kHz, and the 
equation fo r  Af ( r m s  frequency deviation) is given by the relationship 
5 /4 (i)o = 0.023 k2 ($) 
where p = the percentage of out-of-lock time (2 percent) 
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3.3.3 Satell i te Weight and Power  Requ i reme3 t s  
for  a Voice Channel  
An estimate of the weight contribution and power requi rements  of 
the  voice communicat ions fo r  a satellite V H F  t ransponder  are i temized  
in  Table  VII.  The  estimates are b a s e d  on r ecen t  configuration studies 
completed at TRW (see TRW Repor t  No. 8800.5.2-061 "Satell i te Con- 
f igurat ion Study f o r  VHF Aeronaut ical  Communicat ions,  
10 Apr i l  1967). 
VHF and 27 percent  at SHF. 
given in Table  VIII. 
by G .  McDaniel,  
The  dc - to -RF  power efficiency c r i t e r i a  is 50 pe rcen t  at 
Simi la r  e s t ima tes  for an L-band link are 
TABLE VI1 
WEIGHT AND POWER REQUIREMENTS FOR THE VHF 
VOICE SYSTEM OF THE SATELLITE 
Item 
Tunnel diode ampl i f ie r  (SHF) 
Mixer  
Local  osci l la tor  (LO)  . 
Two couplers  
Low-level  TWT 
High-level TWT 
Bandpass  f i l t e r  
VHF lo-modulator ( m i x e r )  
VHF power a m p  (wi th  conver te r )  
VHF p r e - a m p  
VHF m i x e r  
VHF lo 
VHF diplexer 
Cables  and connectors  
Totals  
Weight 
(1b) 
________. __ - 
1 . 5  
0. 6 
1 . 3  
0 .4 
3 .5  
8. 5 
1.2 
0 .7  
23. 0 
1 . 5  
0 . 5  
0 . 7  
2.5 
1 . 5  
47.4 
Regulated 
Power  ( w )  
_ _  -- 
1 . 7  
0.8 
0 .5  
1.0 
1 . 0  
- 
5.0 
I Jnr eg ula t ed 
Power  (w) 
--I_ - 
4. 6 
3 . 7  
200.0 
208.3 
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1. 
2. 
3 
4. 
5. 
6. 
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TABLE VIII. 
SATELLITE L-BAND WEIGHT AND POWER REQUIREMENTS 
(SUPPLEMENT TO TABLE VII) 
Item 
LO - modulator 
Power amplifier 
Pr e- amplifier 
Mixer 
Local oscillator 
Diplexer 
Cables and connectors 
* 
Totals 
Weight 
(1b) 
3.0 
6.0 
1.0 
2.0 
1.0 
3.3 
2.0 
18.3. 
- 
Regulated 
Power (w) 
1.0 
1.0 
- 
2.0 
Unregulated 
Power (w) 
61.2 
6.0 
- 
67.2 
.I, .r 
The power amplifier is comprised of a solid-state amplifier 
chain (i. e., 8 amps, each operating at 60 percent efficiency, 
with an overall 43-db gain) with a tripler and a bandpass filter. 
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4. SATELLITE DESIGN 
The satellite design presented in this section is one which provides 
users  with complete navigation information. 
with the data required to compute the satellite ephemeris. 
the design provides a communication link to  transmit data f rom slave 
ground stations to the master computation stations. The design presented 
here does not provide links for traffic control data f rom low-performance 
terminals e. g. , aircraft, but this capability will be  considered in future 
The ranging signal is sent 
In addition, 
studies. 
The navigation- signal generation and transmitter subsystems have 
been discussed in detail in par.  3 . 2 .  1 and 3 . 2 .  2,  and will not be  repeated 
her  e. 
A single-launch configuration has been considered ( see  Figure 16) 
A spacecraft weight of 516.4 lb can be  boosted into the required transfer 
orbit using the Thor-Delta with a weight margin of 208.6 lb. 
launch mode appears to be  a desirable way to  establish a n  interim opera- 
tional capability of four satellites, as well as to replace satellites which 
have failed. 
using an Atlas Agena to implement the worldwide network). 
NAVSTAR spacecraft is spin- stabilized with a mechanically despun antenna. 
The rationale for  the choice of spin-stabilization was documented in the 
original TRW proposal for this study, and need not be  repeated here. 
A single- 
(Further  study might indicate the utility of a multiple launch 
The proposed 
The satellite system block diagram is depicted in Figure 17. The 
navigation- signal generation subsystem generates the information used 
to  modulate the transmitter whose output feeds the L- band mechanically 
despun antenna. The antenna is a fixed-feed design employing a despun 
parabolic reflector as  depicted in Figure 18, the NAVSTAR satellite' s 
inboard profile. 
reflector is constructed of A1 honeycomb panels. 
provides the required rigidity and ensures internal surface accuracies 
even after out panel damage (due to handling, micrometeorite, etc. ) 
occurs. 
honeycomb panels. 
s t ructure  providing a n  integral, rugged, lightweight unit. 41 
The fixed feed is a laminated fiberglass structure. The 
This choice of material 
The polarizer is fabricated f rom Teflon-faced grid Cu sheet and 
The polarizer panel assembly completes the reflector'  s 
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The omnidirectional antenna is built into an extension of the 
communication antenna fixed feed, 
The positioning and orientation system is used to provide the 
impulse required for initial positioning in orbit, stationkeeping, and 
attitude control. It i s  a standard design of proven performance. 
The apogee motor uses solid-propellant, providing 60,610 lb-sec 
of impulse in order to change from the transfer orbit to the f i n a l  
circular, synchronous orbit. It is  a completely proven design. 
The power supply i s  also a standard, flight-proven design consist- 
ing of solar cells, batteries, and power control units. 
The telemetry subsystem relays attitude sensor data to the earth 
for processing control system commands along with normal house- 
keeping data. 
firing, oscillator reset ,  ephemeris data, and spacecraft subsystem 
contr 01. 
The command subsystem receives commands for engine 
The thermal design of the satellite is  completely passive, thus 
providing a good thermal environment to the spacecraft with extremely 
high reliability. 
The separation of the satellite from the interstage structure uses a 
system which is already in existence, and consists of a V-band clamp, 
redundant explosive nuts, and four match separation springs, To date, 
the system has been successfully flown on numerous spacecraft. 
Al l  subsystems a r e  discussed in detail in the ensuing subsections. 
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4 . 1  NAVSTAR STRUCTURE SUBSYSTEM 
The NAVSTAR structure subsystem is the basic framework of the 
spacecraft. 
the other subsystems comprising the spacecraft. 
sufficient strength, rigidity, and other physical characteristics to with- 
stand ground and mission environments and provide the required support 
and alignment for spacecraft components and assemblies. 
Its primary function is to integrate with minimum weight 
It must also provide 
4. 1. 1 Structural Requirements 
The spacecraft structure i s  designed to withstand simultaneously 
the application of design limit loads and other environmental phenomena 
without experiencing excessive elastic or plastic deformation which 
would reduce the probability of successful completion of the mission. 
The design limit loads a r e  the maximum loads that may reasonably be 
expected to occur in service. 
The spacecraft structure is  designed to withstand simultaneously 
the application of design ultimate loads and accompanying environments 
without failure, 
limit loads and a factor of safety, which is 1. 50 for the general structure. 
The ability of the design to sustain these loads is  substantiated by analysis 
and test during the spacecraft development. 
Design ultimate loads a r e  the product of the design 
The design limit inertia loads imposed on the structural subsystem 
a r e  presented in Table IX.  
launched by an improved Thor-Delta booster and injected into orbit by a 
7700-lb thrust apogee motor. 
transmitted through the spacecraft central cylinder and reacted at  the 
booster interface. 
They a r e  based on a 510-lb spacecraft 
Al l  launch and boost inertia loads a re  
Injection inertias are reacted by apogee motor thrust. 
In addition to the inertia loads, the structure subsystem is designed 
to  withstand the qualification levels of sinusoidal and random vibration 
shown in Table X, applied separately. 
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TABLE IX 
LMIT DESIGN LOAD FACTORS 
Condition 
1) Launch 
2) Transonic 
3 )  M a x q a  
4) Thor B.O. 
5) T E  364-3 B.O. 
6) Orbit Injection 
Load Factors  ( P )  
.I, .e .tr 
Long it udinal*. Late r al'" "* 
t 4  
$4 
t6 .2  
t8. 5 
+15. 3 
$25.4 
<1 
<1 
< l .  25 
0 . 8  
0 
0 
* 
The longitudinal direction refers  to the booster thrust axis and is 
designated as the "X" axis on the spacecraft. 
the load acting aft. 
The lateral direction refers to any axis normal to the X axis. 
The symbol t equals 
:: * 
TABLE X 
QUA LIFIC AT ION VIBRATION LEVELS 
Sinusoidal (one sweep each axis a t  2 octaves/min) 
Long it udinal Axis Lateral  A x i s  
Frequency ( H z )  Level (g rmsl  Frequency (Hz) Level (g  rms) 
10- 19 2.12 5-250 1.63 
19-25 3. 18 250 -400 2.12 
25-250 2.12 400 -2000 5.3 
250-400 3. 18 
400-2000 5.3 
I Random (4 min per axis) 
Longitudinal and Lateral Axes 
Frequency (Hz) Level 
2- 20-150 0.023 g /Hz 
150-300 3 db/octave increase 
300-2000 0.045 g2/Hz 
4. 1 . 2  Structural Description 
The primary structural  member of the spacecraft is the central 
cylinder a s  shown in Figure 18. 
antenna, equipment platform, and solar panels, and i s  constructed of 
0. 040-in. Mg sheet. Mounted to its forward end i s  a forged ZK-60A Mg 
flange, which attaches to the antenna and accommodates ground handling 
provisions. 
which transmits the spacecraft inertia loads to the booster adapter. 
It provides support for the apogee motor, 
The flange on the aft end of the cylinder is a 7075 A1 forging 
The annular equipment platform is an A1 sandwich. The face sheets 
a r e  0.015 in. and the core is 0.75-in. thick - 1/8-0.001 honeycomb. The 
outer circumference is supported by eight canted A1 s t ruts  while the 
inboard portion fastens directly to the cylinder. 
mounted inside the cylinder and is joined to it by a support cone secured 
to a ring inside the cylinder. 
The rocket motor is 
The solar a r ray  consists of eight panels, which a re  bolted to the 
outer circumference of the equipment platform to form a cylindrical 
array.  
by two A1 channel section rings. 
transferring lateral  loads from normally loaded panels to adjoining panels 
so  they can be transferred as shear loads to the equipment platform. 
Longitudinal loads a r e  transferred directly to the platform by the Al- 
fib e rgla s s hone yc omb substrates . 
The upper and lower portions of the cylinder a r e  secured together 
The rings act as redistribution members,  
The panels and end rings have been designed with sufficient stiff- 
ness to minimize deflections and assure that the solar cells remain on 
the panel during vibration loading. 
4 . 1 . 3  Wobble Damper 
The spacecraft moment of inertia ratio, Ix/Iy, is less  than 1. 
Consequently, damping in the rotor is destabilizing, and a damper must 
be placed on the despun portion such that its damping exceeds the damp- 
ing in the rotor. 
considered ( see  Figure 1 9 ) .  
For this purpose, a spherical pendulum damper will be 
5 0  
4 
I Figure 19. Conceptual Design of aWobble Damper 
A spherical damper similar to that used on OS0 has been sized to 
exponentially decay the nutation angle with a time constant of 11.4 min. 
The predicted time constant i s  valid for  nutation angles of less than 2O. 
F o r  larger angles, the bob wil l  hit the case. 
wil l  be  required to predict the nutation decay rate for angles greater than 
Further analyses and tests 
2 O .  
The damper consists of a bob mass  immersed in a viscous fluid and 
attached to the end of a cantilevered steel wire. 
of 100 rpm, (2) the damper attached to the despun antenna, and (3) the 
spacecraft and damper centerlines being coincident, the basic design 
parameters  a r e  found to be: 
Based on (1) a spin rate 
Damper Des& Parameters  
W i r e  dim en si on s : 
Weight of bob: 0.5 lb 
Damping coefficient: 0.092 lb/ft /sec 
0.03 in. dia. by 9.2 in. long 
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Using these design parameters,  the following estimates a re  made 
of the maximum envelope dimensions: 
Damper Envelope Parameters  
Total weight: 3 . 0  lb 
Damper envelope dimensions: 5 in. dia. by 12 in. long 
4.2 MASS PROPERTIES 
During the spacecraft study, a complete analysis of the mass prop- 
erty characteristics of the vehicle was accomplished. 
the analysis were a s  follows: 
The objectives of 
0 Assure that the payload weight does not exceed the capa- 
bility of the boost vehicle, and that an adequate weight 
margin exists, to allow for possible growth. 
0 Minimize spacecraft weight, while considering spacecraft 
and subsystem performance, reliability, and cost. 
0 Position movable subsystem components within the space- 
craft to assure  that: 
1) The center-of-gravity of the spinning portion of the 
spacecraft lies on the spin axis. 
2) Lateral moments of inertia a r e  nearly equal. 
3) Center-of-gravity travel due to expulsion of hydrazine 
i s  minimized. 
4) Products of inertia a r e  held to a minimum to lessen 
the amount of balance weight required to dynamically 
balance the spinning portion of the spacecraft. 
Spacecraft mass  property characteristics a r e  shown in Tables XI and 
Table XI i s  a detailed weight breakdown showing subsystem elements, XII. 
quantities, and weights. Table XII presents spacecraft weights, centers- 
of-gravity, and moments of inertia a t  launch, apogee motor burnout, and 
end of mission. (Figure 20 shows the spacecraft coordinate axes system 
used in the calculations. ) 
' 4.2. 1 Mass Property Characteristics 
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1) Weight - As shown in Table XI, the total spacecraft weight 
is estimated to be 516.4 lb; the adapter between the space- 
craft  and the booster is estimated to weigh 25. 0 lb. 
Thor - Delta /TE- 364- 3 boo s t  vehicle has an allowable pay- 
load weight of 750.0 lb, using a 100-nmi parking orbit; 
therefore, the weight margin is 208.6 lb. 
The 
:i 
‘ I  t 
* J  
4 
L 3 
f a  
. i  
TABLE XI 
SPACECRAFT WEIGHT SUMMARY 
I 
Subsystem 
Navigation Signal Subsystem 
0 s cillato r (redundant) 
Time base code generator (2) 
Encoder (3) 
Transmitter (2) 
De spin as s embly 
De spin electronic s 
Cabling 
Integrated antenna assembly 
Telemetry and Command Subsystem 
Receiver (2) 
Transmitter (2) 
Encoder (2) 
Decoder (2) 
Diplexe r 
Tracking Data Subsystem 
T ran sponding r ec eive r 
Diplexe r 
Electrical  Power Subsystem 
Solar a r r ay  
Battery (2) 
Power control unit 
C onve rt e r 
I Shunt (2) 
I 
I Electrical Integration Subsystem 
~ Electrical  integration assembly 
Cabling and connectors 
Attitude Stabilization Subsystem 
Control logic 
Valve dr iver  
Sensor assembly 
Wobble damper 
Weight (lb) 
57.7 
3.6 
1.6 
4.5 
16.0 
8.8 
8.5 
1.7 
13.0 
18.2 
6 .2  
4.8 
2.2 
3.6 
1.4 
4.0 
3.0 
1.0 
70. 1 
26. 8 
28.6 
8.0 
3.2 
3.5 
19.5 
5.0 
14. 5 
8. 7 
1.5 
1.5 
2 . 7  
3.0 
-
-
- 
-
-
-
5 3  
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TABLE XI 
SPACECRAFT WEIGHT SUMMARY (cont'd) 
Sub syt em 
Positioning and Orientation Subsystem 
Propellant valve (4) 
Engine assembly (4) 
Tank (2) 
Fill and drain valve 
Pres sure  trans duc e r 
Filter 
Heat shield (2) 
Heat sink (2) 
Lines 
Seals and joints 
Nitrogen pressurant 
Structure S ub system 
Equipment platform 
C ent ral cylinder 
Motor mount 
Separation ring 
Antenna mount ring 
Struts and fittings 
Platform mount rings 
Solar a r r ay  ring - upper 
Solar a r r ay  ring - lower 
Thruster support s t ruts  
Separation fittings 
Hydrazine tank supports 
Sensor mount 
View tube 
Wobble damper mount 
Radial thrust mount 
Aft c lo s ur  e 
Aft end cover 
Forward end cover 
Mi sc ellaneous attaching hardware 
Thermal Control Subsystem 
Thermal blankets 
Propellant line insulation 
Apogee Motor Subsystem 
Apogee motor - burned out 
Arm disarm switch 
Balance Weights 
Weight (lb) 
7.8 
1.5 
0.6 
2.8 
0.3 
0.2 
0.3 
0.2 
0.3 
0.8 
0.2 
0.6 
50. 8 
11.1 
7.5 
8.8 
3.3 
1.4 
2.6 
0 . 9  
1.1 
1.1 
0.6 
0.7 
0.5 
0.5 
0.3 
0.5 
0.3 
1.2 
1.3 
0 .4  
6. 7 
-
2.1  
2.0 
0.1 
22.8 
21.5 
1.3 
5.0 
-
-
TABLE XI 
SPACECRAFT WEIGHT SUMMARY (cont'd) 
Sub system Weight (lb) 
Contingency (5%) 
SPACECRAFT AT END OF MISSION 
Attitude Control Propellant 
13,2 
(278. 1) 
11.8 
-
SPACECRAFT AT APOGEE MOTOR BURNOUT (289.9) 
Apogee Motor Expendables 226.5 
SPACECRAFT AT BOOSTER SEPARATION (516.4) 
- 
TABLE XI1 
MISSION MASS PROPERTY CHARACTERISTICS 
Cent e r - of - 
Spacecraft Condition Weight, Gravity(in. 
(lb) x 'Y z 
At booster separation 516.4 25.59 0,O 
At apogee motor burnout 289.9 27.89 0 0 
At end of mission 278. 1 27.99 0 0 
SEPARATION 
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Many spacecraft subsystem components have been adapted 
for use directly from other TRW spacecraft programs. 
Therefore, if hardware exists for these items, actual 
component weights were used. 
weights were estimated by the designer. 
Centers -of -Gravity - The centers-of -gravity of the spin- 
ning and despun portions of the spacecraft have been cal- 
culated to be on the spin axis and the center-of-gravity of 
the composite spacecraft remains on the spin axis 
throughout the life of the spacecraft. A longitudinal shift 
of 0. 10 in. does, however, occur after apogee motor fir- 
ing, but this is considered to be insignificant. 
Moments-of-Inertia - As can be seen in Table XII, the 
ratio of the roll moment of inertia to themaximum trans- 
verse  moment-of-inertia is for all conditions less  than 
unity. The wobble damper, as a result, was placed on 
the despun portion of the spacecraft to maintain stability. 
A l l  remaining subsystem 
2) 
3) 
4) Products-of-Inertia - The spinning portion of the space- 
craft w i l l  be dynamically balanced to align the principal 
axis with the geometric X-axis;  however, no requirement 
exists to balance the despun antenna. 
4.3 ELECTRICAL INTEGRATION ASSEMBLY 
The electrical integration assembly (EIA) performs the functions of: 
0 Command processing and distribution 
0 Telemetry signal conditioning 
0 Power distribution 
0 Control of spacecraft ordnance 
0 Redundant command receiver control. 
A functional block diagram of the EIA is  shown in Figure 21. The 
EIA accepts a 9-bit binary coded command word f rom a redundant decoder 
interface. The command information is contained in 8 bits while the ninth 
bit i s  used a s  a steering pulse to determine i f  the information i s  a dis- 
crete command o r  data to be routed to the navigation system to update 
ephemeris and time information. 
the navigation system wi l l  also accept an enable signal fromthe naviga- 
tion system as  a prerequisite for transmission of the update data. Dis-  
crete command information i s  accepted in redundant buffer gates and 
passed on to redundant decode logic, together with an execute pulse from 
the addressed decoder, generating one of 64 discrete commands. 
The transmission gates interfacing with 
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4 . 3 .  1 Command Type 
The command outputs of the EIA wi l l  be of three standard types: 
Type I, Low-Level Pulses 
True state - 3. 7 5 k 1 . 2 5 ~  
False state - 0.0 *O, 5v 
Duration - 40 *4 msec 
The current amplitude cannot be defined until design is commenced 
and an integrated circuit family i s  selected; however, it i s  expected to be 
approximately 1 ma. 
Type 11, Medium Power Pulses 
True state - 28.0 f2. Ov 
False state - O.O+l.Ov 
Duration - 40 *4 msec 
The precise current requirements will be limited by a ser ies  . 
resistor and wil l  be negotiated with each using subsystem to ensure proper 
performance at minimum pow e r. 
Type 111, Relay Closures 
Momentary - 40*4 msec 
or  
Latching - Until commanded open 
ZA max capacity (resistive load) 
In addition, any of the above commands can be provided with a pulse 
duration selected by ground command. The only use of this capability in 
the present design i s  for the f i re  periods associated with thruster firing. 
App. C presents a list of the command requirements for NAVSTAR. 
A total of 21  spare commands exist in the present design. 
The EIA wil l  provide signal conditioning to match measured char- 
acteristics to telemetry input requirements. 
(see app. D) to sum 27 discrete signals to 9 analog words (3  bits each), 
The EIA is currently sized 
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supercommutation to 4 words of the main bus current  monitor output, 
plus supercommutation to 4 words of the main bus voltage monitor, and 
conditioning of the 4 thruster f i r e  periods to 1 real-t ime subcarrier input. 
The EIA will also provide a main bus current monitor, and a main 
bus voltage monitor to provide sufficient load-rate information to allow a 
predictable state of health, and also allow vision of the effect of power- 
ing down specific equipment in a failure mode. 
The EIA will accept the signal-present signal f rom both receivers 
and logically control both receivers to be ironi' in the event neither 
receiver is in a c a r r i e r  lock condition, and will turn ''off'' receiver No. 1 
when receiver No. 2 has a ca r r i e r  lock condition or  turn "off" receiver 
No. 2 when receiver No. 1 has a carrier lock condition. 
The EIA will, on receipt of an undervoltage condition signal f rom 
the power control unit, power down all equipment designated a s  "Non- 
essential Loads. ' I  This feature may be enabled or  disabled at any time 
by means of a command override. 
bus may also be independently powered ''on" or  "off" by command from 
the ground. 
All equipments on the nonessential 
The EIA will provide the electronic circuitry required to fire the 
apogee motor and ordnance (separation squibs, etc. ) by sequenced com- 
mand and will include a fail-safe provision for  these command outputs. 
Also, the EIA will supply thruster firing signals of a ground selec- 
ted duration to the valve dr iver  assembly (VDA). This is accomplished 
by the two command tones, 2 .0  and 2 . 9  kHz, into the command decoder. 
The command decoder will sense the "on" o r  "off" conditions of these 
tones and provide a discrete output to the EM, which provides the per i -  
odic pulse to the thruster. The 2. 9-kHz tone is considered "on" and the 
2.0-kHz tone is considered "standby. ' I  By switching, through ground 
command, f rom the 2. 0 to the 2. 9-kHz tone f o r  a specific duration 
and then switching back, a pulse of that duration will be conveyed to the 
EIA. The EIA applies this pulse to one of four thruster lines to the VDA. 
The proper line will have been selected by a previously generated Type I 
command. 
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4.4 ANTENNA SUBSYSTEMS 
4.4. 1 Navigation System Antenna 
The navigation system antenna will provide earth coverage to within 
l o o  above the horizon. 
nous orbit of about 17.4'. 
angle to allow for antenna pointing and spacecraft orientation e r r o r s  
requires the spacecraft antenna to illuminate a subtended angle of about 
ZOO. The satellite spin requires that the antenna radiate in either an  
omnidirectional mode about the spin axis or  that the antenna be spun in the 
opposite direction a t  a rate equal to the satellite spin rate to keep the beam 
pointed at the earth. 
This cone has  an earth subtended angle at synchro- 
A margin added to either side of the earth 
In order  to achieve increased gain, allowing simple u s e r  antenna 
systems, the mechanically despun reflector system will be used. The 
polarization of the spacecraft navigation antenna system is circular to 
permit polarization diversity to the aircraf t  antennas. 
The proposed L-band (1540- 1660 MHz) navigation system antenna 
consists of a mechanically despun, parabolic, cylindrical reflector illumi- 
nated by an a r r ay  of four collinear dipoles. 
ized wave is converted to a circularly polarized wave by use of a three- 
sheet printed circuit polarizer in front of the antenna aperture. 
The resultant linearly polar- 
The mechanically despun antenna system was selected over an elec- 
tronically despun antenna system due to its superior electrical perform- 
ance, lower development costs,  and lighter weight. 
The proposed polarizer system (Ref. 1) proved to be the most satis- 
factory design based on a study of various polarization techniques conduc- 
ted for the Advanced Pioneer Spacecraft Program. Further  investigation 
could possibly produce a polarizer design of one or  two sheets, thus 
reducing weight and manufacturing costs. Figure 22 shows the design 
parameters for this system. 
conical beam with half -power beamwidths of about 1 8 O  in both vertical 
and horizontal planes. 
mately 20. 5 . 
respect to a circularly polarized isotropic source. 
The 30- by 32-in. aper ture  radiates a 
The 0.4-db beamwidth of this antenna is approxi- 
The loo above-horizon, "earth-edge" gain is 16. 0 db with 0 
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4.4.2 Telemetry and Command Antenna System 
The S-band telemetry and command antenna system operates a t  
frequencies of 1800 and 2200 MHz. 
with the cavity-backed slot antenna to provide uplink and downlink com- 
munications. The antenna is mounted above the co l lnear  dipole a r r ay  of 
the navigation system antenna and fed by the center section of a dual coax 
A diplexer system is proposed for  use 
system. 
dipole antenna. 
on the Pioneer antenna system. 
respect to a linearly polarized isotropic source. 
antenna with respect to the navigation system antenna is shown in 
Figure 22. 
This slot antenna has a radiation pattern similar to a half-wave 
The cavity-backed slot antenna design is presently used 
Peak gain of this system is 0 db with 
The position of this 
4.5 ANTENNA DESPUN AND ATTITUDE CONTROL SYSTEM 
4.5. 1 Antenna Despun System 
The mechanically despun antenna control system JMDACS) i s  
designed to counterrotate an antenna relative to the spin- stabilized satel- 
lite so  that the antenna i s  approximately inertially fixed, and to point the 
antenna a t  the earth. Functionally, the MDACS consists of the following 
six subsystems. 
0 Stepper motor and antenna 
0 Encoder 
Phase-lock loop 
0 Digital position circuit 
0 Motor damper circuit 
0 Motor starting circuit 
The stepper motor is a rotary solenoid with 128 equally spaced 
positions. 
new pulse is applied to the motor. 
tated by the pulse rate applied to the motor. 
motor rotor and thus rotates at  motor speed. 
The motor rotates f r o m  one position to the next every time a 
Thus, the speed of the motor i s  dic- 
The antenna is part  of the 
The encoder provides a measure of the angular position of the 
antenna relative to a null position o r  "fiducial mark. I t  
- .. I 
1 
1 
" I  
- 4  
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The phase-lock loop is, in effect, a digital oscillator that provides the 
pulse train to drive the motor. 
lator is controlled by an e r r o r  voltage that is determined by comparing 
the phase of the satellite rotation (from an  earth-sensor reference pulse) 
with the phase of the pulse train f rom the oscillator. 
The frequency o r  pulse rate of the oscil- 
The digital-position circuit  is used to add o r  subtract a pulse f rom 
the pulse train that is  driving the motor. 
The motor-damper circuit provides ra te  and position feedback to 
ensure stable and accurate motor operation. 
ing the pulse train being applied to the motor. 
It does this by phase shift- 
The motor-starting circuit  provides a train of pulses to the motor. 
The pulse ra te  is increased from a low value to the desired ra te  as the 
motor is brought up to speed. 
4.5. 1. 1 Operating Modes 
The MDACS operates in three modes: 
e Start  mode 
0 Slew mode 
e Indexing mode 
A block diagram of the MDAGS showing the interconnection of the 
six subsystems in the three operating modes is presented in Figure 23. 
In the s ta r t  mode, the motor i s  driven by a train of pulses which 
originate in an oscillator in the motor-starting circuit. 
is passed through the rnotor-damper circuit where the pulse train is  mod- 
ulated by the rate-plus-position feedback signals. 
oscillator is automatically increased from a low value to the desired value 
a s  the motor is brought up to speed. 
The train of pulses 
The frequency of the 
When the motor reaches the desired speed, the motor-starting c i r -  
cuit also provides the logic to switch the pulse train from the motor-start- 
ing circuit to the pulse train f rom the phase-lock loop. 
the motor is driven by a train of pulses f rom the phase-lock loop. 
pulse train f rom the phase-lock loop, as mentioned before, is synchronized 
with the satellite spin speed. 
In the slew mode 
The 
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After sequencing through the previous two modes, the antenna is 
inertially at a standstill, 
antenna is pointed at  the earth. 
used. 
train from the phase-lock loop to the motor. 
of adding (or subtracting) one pulse per satellite revolution to the pulse 
train. 
in indexing the antenna around to the desired position. 
maneuver is continued until the reference pulse from the phase-lock loop 
and the motor fiducial mark a re  coincident, at which time the digital- 
position circuit is disengaged. 
However, this does not guarantee that the 
To accomplish this>the indexing mode i s  
In this mode, the digital position circuit is used to modify the pulse 
This modification consists 
This has the effect of changing the speed of the motor and results 
This indexing 
4.5.1.2 Operating Characteristics 
The MDACS described in par. 4. 5. 1 is  essentially the same as  that 
The same company has also devel- 
The two designs a r e  similar 
developed by Sylvania for Intelsat III. 
oped the drive system for the ATS satellite. 
in that they both a r e  designed around the novel stepper motor described 
above. Taken together, these two developments provide substantial 
design and test  ekperience in the a rea  of the electromechanical equipment 
frequently viewed a s  the critical elements of a mechanically rotating 
drive system. 
Both the Intelsat 111 and the ATS motor- encoder-bearing assemblies 
could drive the proposed antenna. 
the Vacote process of Ball Brothers, a process which has proved its use- 
fulness for space application in laboratory and flight tests. 
design uses two spring-loaded radial bearings, while the Intelsat 111 
design uses a preloaded duplex pair and a spring-loaded radial bearing to 
meet its heavier-duty specifications. 
bearings is approximately 0 .2  oz/in., while that of the Intelsat bearings 
is specified to be under 3.5 oz/in. 
approximately a 2.5-in. ID for the antenna support and R F  feed, while 
the ATS is appreciably smaller. The Intelsat drive provides a peak tor- 
que of over 30 oz/in. ,  while the ATS unit provides about 5 oz/in. (higher 
torques could probably be  obtained with different drive circuits). 
Intelaat III assembly has been chosen for this application because the 
antenna will  be larger than either the Intelsat I11 or the ATS designs, and65 
They both use bearings lubricated by 
The ATS 
The running friction of the ATS 
The Intelsat drive assembly has 
The 
, 
the heavier duty design of Intelsat 111 has shown in tests that it can start 
and car ry  appreciably larger  antennas. 
The control electronics have been specifically designed to operate 
with input pulse trains (earth-reference pulses) derived from earth sen- 
sors.  
formance is not materially affected if one extra earth-reference pulse 
should appear o r  if  one should be dropped occasionally. 
The ATS uses the sharper inputs derived from a sun sensor. Per -  
The system begins to despin as soon a s  power is applied. If earth 
reference pulses a re  then present, the motor-starter circuit will bring 
the antenna up to the satellite spin rate in about 90 sec. The antenna is 
then despun, but i t  is probably not pointing at the earth. 
index toward the earth at the rate of 0. 7' per  revolution. If the antenna 
were initially pointing 180° away from the earth, 256 rotations would be 
required before the antenna would be properly pointed. 
therefore, the indexing could take 154 sec (of course, the indexing time 
could be zero, i f  the antenna should initially despin at the earth). 
It begins to 
At 100 rpm, 
When the satellite is at synchronous altitude, the antenna will point 
0 within 0.5 
position. 
( 3 ~ )  of a direction indicated by the mean earth-reference pulse 
This assumes an earth-reference pulse j i t ter  of about 0. 7 msec 
(3 
4. 5.2 Attitude Control Subsystem 
The satellites a r e  spun up to about 100 rpm prior  to separation. 
After separation their orientation can be assessed through the use of 
on-board sensors (to be described). A reorientation maneuver is then 
performed in order  that the satellite attitude is proper for  the firing of 
the apogee motor. 
maintain the orientation for the worst-case imbalance torques from motor 
firing. 
for on-orbit use and initial poisitioning. 
The satellite has sufficient angular momentum to 
After motor firing, the satellite is placed in the proper attitude 
The primary functions of the attitude determination and control sub- 
system a r e  to provide: 
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0 Sensor information to the ground station from which the 
satellite's attitude and rotational position can be deter-  
minted during transfer and final orbits. 
0 An earth reference pulse to the antenna for a position 
reference in pointing the antenna beam toward the center 
of the earth. 
0 Electronic-power amplification for energizing the propul- 
sion solenoid valves in response to ground commands for  
positioning and orientation. 
The configuration and characteristics of the attitude determination 
and control subsystem a r e  shown in Figure 24. 
A dual earth sensor and sun sensor system is proposed to fu l f i l l  the 
requirement for ground determination of spin-axis orientation. 
redundant earth horizon sensors and a sun aspect sensor permit satellite 
attitude and rotational position to be determined on the ground to an accu- 
racy of better than lo  (3a) with respect to the local vertical and the sun 
line. 
exceeded during the final orbit. 
Two 
This accuracy w i l l  be achieved during the transfer orbit and wi l l  be 
The earth sensors a re  the primary source of spin-axis attitude 
information. 
the earth once per satellite revolution and produces a pulse coincident 
with the instant of crossing the earth 's  horizon. 
spin-axis attitude with respect to the local vertical can be determined 
accurately and rapidly on the ground by measuring the interval between 
the leading edge horizon contacts of the two earth-sensor beams. When 
such times fail to coincide, spin-axis displacement can be computed and 
then corrected by ground command. In the unlikely case that one of the 
earth sensors should fail,  the same attitude information can be obtained 
by measuring the interval between leading and trailing horizon pulses 
f rom the operating earth sensor. 
the earth's chord scanned by the sensor, is then compared with a nominal 
value based on the accurately known, fixed orbital aititude. 
sensor data w i l l  not be degraded during eclipses. 
A s  shown in Figure 25, each earth sensor sweeps across  
Under normal conditions, 
This interval, which is a measure of 
The earth- 
In the final orbit, when the spin axis is to be maintained normal to 
the orbit plane, attitude e r r o r s  exceeding approximately &to. 5 a r e  cor-  
rected to maintain antenna beam pointing accuracy. 
a r e  made by pulsing the axial thruster valve by means of a ground com- 
mand that is properly timed with respect to the telemetered earth sensor. 
0 
Attitude cor rections 
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PHYSICAL CHARACTERISTICS 
Number Required 1 per rpocecmft 
Size 7.7~2.3~4.75 in. 
Weight 3.0 Ib 
Power 1.1 watt 
output +5v dc pulses to antenm dspin control 
electronics. 
+5v dc sun pulros to Pulse Conditimer 
Q.5" ds earth plrer to Pulse Conditioner 
PERFORMANCE CHARACTERISTICS 
Optics 
ACCUWSy a.40' 
Infrared (14 - 16 microns) 
RELlABl L lTY 
PHYSICAL CHARACTERISTICS 
0.956 for 5 years 
Number Required 
Sire 5.5~2.8~2.8 in. 
Weight 1.2 Ib (each) 
2 per rpcecrdt  (redundant) 
Power I.0w.tt 
Output +2.5v dc pulse to Control Lcgic 
PERFORMANCE CHARACTERISTICS 
Detector Solar Cell 
Angular bnge 120° 
Accuracy i 0 . 2 9  
RELlABl LlTY 
PHYSICAL CHARACTERISTICS 
0.957 fw 5 ymrr 
Number Required 1 p r  rpsesmft 
Sire 1.9x1.9x1.4 in. 
Weight 0.27 Ib 
Power No external power required 
Outprt t0.5~ dc p l r e r  to Control Lcgic 
CONTROL 
LOGIC 
EARTH 
SENSOR 
SUN 
SENSOR 
SUBSYSTEM FUNCTIONS 
Sun Sen-, 
Earth Sensor 
Provider satellite attitude and rotational 
psition to telemetry for attitude determination 
an ground 
Provider earth reference timing pulse to 
Antenna Derpin Conhol Electronics 
Provider buffer am lifierr between the 
Sensors and the PuLe Conditioner Unit 
Control Lwic 
Electronics 
SENSOR SIGNALS FOR TELEMETRY 
EARTH SENSOR 
CONTROL 
SELECT EARTH REFERENCE 
SUN SENSOR 
C O W N D  
FUNCTION 
Figure 24. Attitude Determination Subsystem 
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EARTH SENSOR NO. 1 OUTPUT 
EARTH SENSOR NO. 2 OUTPUT 
Figure 25. Earth Sensor Operation 
pulses. 
every4 months or longer. 
Attitude corrections wil l  need to occur on the order of once 
The leading edge horizon pulse is applied to the antenna control 
electronics. 
is then controlled by the frequency of earth pulses. Beamposition is con- 
trolled to a fixed offset angle with respect to the earth sensor optical axis 
in phase with the earth horizon reference pulse. 
cally preset  for  the ear th 's  chord length as scanned by the sensor a t  
orbital altitude. 
Rotatianal speed of the antenna with respect to the satellite 
This angle is mechani- 
4.5.2. 1 Spin-Axis Corrections 
To effect an attitude change, i t  is necessary to apply a torque about 
an axis perpendicular to both the desired precession and the spin axis. 
Because the spacecraft is rotating and the torquing system is  body-fixed, 
i t  is necessary to develop a torque component fixed in inertial space. 
means for generating this torque consists of pulsing one of the axially 
oriented hydrazine thrusters in synchronization with satellite rotation. 
required number of pulses is commanded so that the total precessional 
angle is realized. 
direction a t  which a fixed thrust would provide the desired precession. 
Because of lags in the valve opening and in thrust buildup, the current 
pulse leads the desired thrust pulse. 
The 
The 
Each actuation extends on an a r c  of spin &3O0 f rom the 
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Logic is provided for despinning the navigational signal antenna 
without need for command from the ground. 
circuits select the time of occurrence of the second of the two leading 
edge earth sensor pulses, and deliver it to the antenna a s  a despin refer- 
ence. A phase displacement angle of - 6 O  is built into the antenna to per-  
mit the antenna beam to point directly a t  earth center even though the 
reference pulses a r e  arriving before the antenna points down. 
In normal operation, logic 
The second pulse is selected to prevent confusion when one of the 
earth sensors intercepts the moon o r  sun. 
large enough to affect both sensors simultaneously. In the event of fail- 
ure of one earth sensor, the other can be used alone, but of course with- 
out automatic solar o r  lunar overlap protection. 
it i s  possible to supply the ground reference timing pulses to the antenna 
and thus despin from the ground for the short time required. 
Neither body, however, is 
Using ground commands, 
To establish that the attitude stabilization system i s  sufficiently 
accurate to meet the mission requirements, an e r ro r  analysis has been 
performed. The r ss e r ro r  for attitude determination, including the 
telemetry link and ground processing, i s  about 0.48O ( 3 ~ ) .  
In despinning the antenna, the data do not pass through the tele- 
metry link, but all the other e r r o r s  affecting spin-axis alignment apply. 
There is an additional source of e r ro r ,  related to the angle between earth 
intercept and earth sensor. 
misalignment or  attitude variation. Finally, e r r o r s  within the antenna 
itself must be included. When all  these e r ro r s  a r e  combined in a root 
sum square manner, the result is l . O o .  
This angle can be in e r r o r  due to spin axis 
During the transfer orbit, knowledge of the elevation of the spin 
axis with respect to the sun and earth,in conjunction with tracking data, 
permits computation of the satellite attitude at  the ground station. 
urement accuracies during a typical transfer orbit f o r  a single observa- 
tion close to apogee a r e  within 0.24 to 0.28 
Meas- 
0 
(la). 
4.5.2.2 Earth Sensors 
The earth sensors a r e  the same as those being used in Intelsat 111. 
They a re  built by Lockheed Missiles and Space Company; a similar unit 
7o has been successfully demonstrated on the P- 11 satellite program. Each 
of the sensors consists of a telescope, a thermistor bolometer, and 
processing electronics. 
spectrum. 
The sensor operates in the GO2 infrared 
4.5.2.3 Sun Sensor 
Like the earth sensors, the sun sensor i s  identical to that being 
built f o r  Intelsat III. It consists of a photovoltaic detector mounted at  the 
bottom of a quartz substrate that i s  covered by a mask at  i ts  top surface. 
The function of the mask is to block out all light, except that 
transmitted through two narrow slits which diverge symmetrically with 
respect to the center. 
each slit in sequence. 
upon the angle between the spin axis and the sun line. 
ing a third pulse extends outward f r o m  the center in one direction only, 
to identify which end of the spin axis i s  closer to the sun. 
strate, with i ts  index of refraction of 1.46, aids in extending the sun sen- 
sor ' s  field of view to *65 . The accuracy of the sun sensor is *O. Z 0  (30) 
when the measured data a r e  corrected by the calibration data previously 
derived for that unit. The corresponding accuracy without calibration i s  
approximately f 0.4 . 
As the satellite spins, the sun's image t raverses  
The time difference between the pulses depends 
A third slit creat-  
The quartz sub- 
0 
0 
4. 5.2.4 Control Logic Assembly 
The control logic assembly (Figure 26) is used to  process the sen- 
sor pulses and to deliver them to the telemetry encoder. 
despun antenna reference pulse from the leading edge horizon pulses. 
The basic logic system consists of two earth-sensor level detectors, two 
flip-flops, an OR-AND gate, and a pulse-generator. Another pulse gen- 
erator provides an antenna reference pulse when operating in a single 
earth-sensor mode. 
with unity voltage gain. 
amplifier but has a voltage gain of 10. 
to select the proper reference source for the generation of an antenna 
reference pulse for operation in any one of four modes. 
It also generates a 
The telemetry buffers a r e  linear buffer amplifiers 
The sun-sensor amplifier i s  also a linear buffer 
Magnetic latching relays a re  used 
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1 r----- --------------- 
ANTENNA 
PIN ELECTRONICS 
FROM ELECTRICAL 
INEEC'IIAION ASSfMBLY 
TO TELEMElRY, 1 FROM 
ENCODER COMMAND 
DECODER 
Figure 26. Control Logic Assembly Block Diagram 
4.5.2.5 Valve Driver Assembly 
The valve dr iver  assembly (Figure 27) is identical to that of 
h t e l sa t  III. It contains all the logic and amplification needed to operate 
a valve solenoid when the proper command sequence has been received. 
4.6 PROPULSION 
4.6. 1 Apogee Motor 
The solid propellant apogee motor was sized on the basis of the fol- 
lowing criteria:  
1) 
2) A velocity requirement of 5230 at apogee (synchronous 
A transfer orbit with 100-mi perigee. 
altitude). 
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Figure 27. Valve Driver Assembly Block Diagram 
3) A l o o  plane change. 
4) A satellite weight of 5 16.4 lb. 
Existing solid propellant motors whose performance has been 
substantiated were reviewed from the standpoints of performance and 
ease of incorporation into the NAVSTAR design. 
The motor selected was the BE-3-B1 which is currently in use f o r  
orbit injection of the Vela satellite, and which is supplied in accordance 
with TRW specification EQS-15, Revision A, 2 /9 /67 .  
been 100 percent successful in 73 total launches on the Ranger , SPARTA, 
Athena, Amrad, and the advanced Vela spacecraft programs. Basic 
motor specifications a re  presented in Table XIII. 
weight may be varied (increased) by about 3 percent depending on final 
detailed design review of the spacecraft. 
This motor has 
Actual propellant 
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TABLE XIII 
BE-3B1 ROCKET MOTOR 
Physical Characteristics 
Diameter, in. 
Length, in. 
Weights, lb. 
Loaded 
Propellant 
Burnt 
Ballistic Parameters  (7 0 F, vacuum 
Specific impulse lbf- sec /lbm 
Total impulse, lb-sec 
Average thrust, lb 
Burning time, sec. 
Average pressure,  lb/in 
Nozzle throat area,  in2 
Nozzle expansion ratio, initial 
Nozzle divergence angle, 
Firing temperature limits, O F  
2 
0 
18.25 
34.6 
243.5 
219.6 
20.5 
276 
60,610 
7,576 
660 
8.0 
6.26 
18. 6 
16 
40-70 
An approved arm-disarm switch accepted for  use by the Eastern 
Test Range wi l l  be utilized in the motor ignition circuit since motor 
design does not permit the adaptation of the safe-and-arm device used in 
applications such a s  h t e l sa t  III. 
4.6.2 Positioning and Orientation Subsystem 
The task of initial spacecraft positioning and later stationkeeping is 
closely related to that of attitude stabilization both because of the integration 
of the requirements and because the thruster system serves both purposes. 
The requirements for initial positioning and stationkeeping a r e  discussed, 
and the hydrazine thruster system for these functions and attitude reorien- 
tation i s  described. 
The ascent orbit of the spacecraft l ies in a plane inclined 3 3 O  with 
When the apogee motor f i res ,  i t  not only circular- respect to the equator. 
izes the orbit, but changes the orbit plane to be inclined 18. 5O. 
plane gravitational effects of the sun and moon then cause the plane to 
precess about an axis which, on the average, is perpendicular to the ecliptic. 
This produces an orbit-inclination change, the magnitude of which wi l l  be 
small enough that no correction i s  required. Thus, latitude positioning 
can be accomplished entirely through the apogee motor, and no further cor-  
Out-of- 
74rections a re  required. P 
Stationkeeping for attitude corrections allows for spin-axis 
corrections to track the small changes in orbit plane tipping for 5-yr, 
variations in solar pressure,  variations in radial thrusting forces not 
passing through the spacecraft center-of-gravity, and magnetic moment 
effect. 
at two equal periods, 12 hr  apart. ) 
4.6.2. 1 Thrust Requirements 
(Center-of-gravity offset e r ro r s  a r e  nearly cancelled by thrusting 
Al l  of the maneuvers requiring hydrazine thrusting a re  listed in 
Table XIV together with the thrust mode. 
using the vehicle weight a t  the time of firing. 
selected f o r  actual conditions of operations, i. e . ,  taking into account I 
SP 
as a function of duty cycle requirements, which accounts for the efficiency 
of pulse firing. 
The velocities a r e  calculated 
The propellant I was 
SP 
The positioning and orientation subsystem wi l l  provide an axial and 
a radial thrust capability for initial positioning and for attitude and longi- 
tudinal velocity control during stationkeeping. 
Insertion into a near- synchronous, near-circular orbit may occur 
at  any apogee of the ascent elipse, including the first.  The exact sequenc- 
ing of such operations including effects of injection e r r o r s  has been handled 
many times by TRW Systems and the details of the procedure wil l  not be 
TABLE XIV 
VELOCITY REQUIREMENTS 
Satellite Maneuver 
Spin axis orientation prior to apogee 
motor burn (90° t 3 3 . 1 6 O )  
Period correction (3 value) 
Spin-axis reorientation (64.08' change) 
Longitudinal stationkeeping (44O East 
location - worst case) 
Attitude corrections 
Velocity (ft /sec) 
12.1 
200 
12.4 
30 
2.0 
Thrust Mode 
Axial, pulsed 
Radial, pulsed 
Axial, pulsed 
Radial, pulsed 
Axial, pulsed 
repeated here. 
longitudinal positioning is sufficient to permit the satellite to be placed 
in orbit at  the required longitude within a period of 3 weeks. 
placing the satellite on station, it is necessary to maintain it there within 
a *5 region. The earth's gravitational irregularities create a tendency 
for the satellite to drift and, therefore, limit cycle operation must be 
employed for longitudinal directions as discussed in vol. 11. The 
average time between corrections can easily be several months, and the 
total velocity increment required for operation over 5 yr  will be 
within the 30 f t /sec indicated in Table XIV. 
4.6.2.2 Thruster Design Concept 
The *200 f t /sec velocity increment allotted for  initial 
After 
0 
The thrust chamber proposed by TRW Systems for satellite man- 
euvering and attitude control i s  the same unit that w i l l  be used on a cur-  
rent TRW flight spacecraft. 
level. 
the design goals of optimum pulsing characteristics and smooth operation 
in the steady-state mode. The nominal operating and performance char- 
acteristics for  the thruster a r e  summarized in Table XV. 
and flow rates can be matched to the specific requirements of NAVSTAR. 
This thruster i s  in qualification at the system 
Data from completed tests demonstrate that the thruster meets 
Feed pressures  
TABLE XV 
THRUST CHAMBER OPERATING AND 
PERFORMANCE CHARACTERISTICS 
lbf Thrust range, 
Nominal chamber pressure range, psia 
Catalyst 
Nozzle expansion ratio 
Propellant tank pressure range, psia 
Steady-state vacuum specific impulse, sec 
2.9 lb thrust 
1.9 lb thrust 
2 .9  to 1.9 
230 to 91 
Shell 405 
50: 1 
390 to 236 
226 
222 
7 6  
The thruster is an all-welded unit and i s  illustrated in Figure 28. 
Monopropellant hydrazine i s  used with a blowdown type of pressurization 
feed. Thrust i s  achieved by the spontaneous decomposition of the mono- 
propellant hydrazine (identified as  optimum for this mission) upon expo- 
sure to a catalyst within a thrust chamber, with the resulting gases 
expanding at  high velocity through a nozzle. 
4.6.2.3 Subsystem Installation 
A specification sheet for  the positioning and orientation subsystem 
installation i s  presented in Figure 29. 
The subsystem i s  installed in the satellite in three assemblies: the 
pressure vessel and gas manifold line assembly, the components line 
assembly, and the thrust chamber assembly. Two propellant tanks (one- 
half the tankage used in Intelsat 111) a r e  installed diametrically opposed 
near the outer circumference and, since the satellite is  spin- stabilized, 
the resultant forces a re  sufficient to assure a propellant-pressure inter- 
face through i ts  operational life. The tankage, while not optimum, offers 
the advantage of using existing qualified vessels, which more than offsets 
the fraction of a pound saved by optimizing the tankage. Two axial thrust 
chamber assemblies provide thrust along the direction of the spin axis in 
both directions and a r e  mounted on one end of the satellite. Redundant 
HEAD E N D  ASSEMBLY 
CHAMBER ASSEMBLY / r  
Figure 28. Engineering Drawing of Proposed TRW 
Thrust Chamber Assembly 77 
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radial  thrust  chamber assemblies a re  mounted to a common bracket 
fastened to  the equipment platform. 
the satellite center - of-gravity. 
The radial thrust  axis passes through 
4.7 ELECTRICAL POWER 
The electric power subsystem converts solar energy into electric 
Nickel-cadmium power for use by the navigation satellite subsystems. 
batteries s tore  electrical energy when a surplus is available f rom the 
ar ray .  
teries provide power to the subsystems. 
solar a r r ay  can delivery 121.  6 w when new, and a minimum of 99 .8  w after 
5 yr .  The a r r a y  has no deploying or  moving parts. 
ter ies  were chosen because they have a longer life expectancy than any 
other type and because they appear to  be the only type suitable for the 
intended mission. Because of the cycling nature of the navigation t rans-  
mit ter  load, the battery must supply power for its operation, both during 
eclipse and during the sunlit portion of the orbit. 
a r r a y  and battery power within the power system is carr ied out by a power 
control unit uniquely suited to the NAVSTAR mission profile. 
subsystem delivers to the spacecraft subsystems unregulated direct  current 
at between 22 and 29.2 v. The preliminary specification for the subsystem 
appears in Figure 30. 
During periods when the a r r a y  is not receiving sunlight, the bat- 
2 The 41.1 f t  body-mounted f ixed 
Nickel-cadmium bat- 
Regulation of solar 
The power 
4. 7. 1 Requirements 
The NAVSTAR is required to operate continuously for 5 yr  in a 
synchronous orbit 26. 5O inclined to the plane of the ecliptic. 
power requirements during this period of time are  shown in Table XVI. 
The average 
The 102. 1 2  w required a re  computed on the basis that all the loads 
a re  in use. 
a r r a y  output is 121.6 w, but this output decays with time and, after 5 yr ,  
the output may be  as low as 99 .6  w. In such a condition, the telemetry 
transmitter can be operated on command when excess power is available. 
In that case, only 2.075 of the 22.39 w required for the subsystem 
would be on continuously. 
tinuous load of only 81. 805 w, safely below the minimum predicted out- 
put of 99. 6 w fo r  the solar a r ray .  
This condition is satisfied by the new solar a r r ay  when the 
This means a saving of 20.315 w o r  a con- 
However, i f  this load becomes a 
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FUNCTION 
LOAD 
AMPLIFIER CURRENT ---* 
0 LIMIT MAIN BUS VOLTAGE AS 
REQUIUED BY BATTERY 
TEMPERATURE REFERENCE 
NM,29.7M BY: 
TIME 
DELAY 
( I )  CONTROL OF BATTERY 
VOLTAGE AND SHUNT 
DISSIPATION WHEN 
ARRAY POWER EXCEEDS 
LOAD CURRENT 
e) LIMIT BATTERY VOLTAGE 
TO 29.7'4 DC (MA%) 
0 CHARGE BATTERIES AT MAXIMUM 
AVAILABLE RATE WHEN ARRAY 
CURRENT EXCEEDS LOAD CURRENT 
a PLACE BATTERIES IN A TRICKLE 
CHARGERATE WHEN VMB> 29.NDC 
OR BY COMMAND 
0 PERMITS BATTERIES TO BE . DISCONNECTED OR DISCHARGED 
IN ORDER TO RECONDITION 
0 DISCONNECT NONESSENTIAL LOADS 
WHEN LOAD CURRENT EXCEEDS A 
PRESET MaYlMUM FOR TIME 
EXCEEDING X IO MS 
0 DISCONNECT NONESSENTIAL LOADS 
WHEN VMIN Bus DECREASES BELOW 
A PRESET MINIMUM FOR TIME 
EXCEEDING zs 100 MS 
MAIN BUS LIMITER 
BATTERY TEMPERATURE 
REFERENCE 
Ni - Cd BATTERY CHARGYDISCHARGE CONTROL 
(MI0 BATTERIES) 
SENSOR V M B " " ~ V ~  ~ 
BATTERY 
TRICKLE CHARGE 
COMMAND "REC/DECH 
DiSC BATT 
COMMAND 
"TRICKLE CHARGE" 
SENSOR ,BATTERY 
DIRECTLY 
CONNECTED 
TO MAIN BUS 
I ] v M B = . 7 v  ~ . 
COMMAND 
"BATT DIRECT" 
COMMAND BATTERY 
"RECJDECH DISCHARGES 
DISC BATT" 
TIME 
AMPLIFIER DELAY ---C 
DISCONNECT 
SIGNAL 
1 1 
4 
ASSEMBLY 
L---4 
UNREGULATED 
LOADS 
26.8 
SOLAR BATTERIES ARRAY 28.6 
8.0 POWER CONTROL UNIT 3.2 
SHUNT ASSEMBLY 
3.5 (MINIhUlM) Oc/K CONVERTER - 
TOTAL 70.1 
P B L F O ( L U L I N C E M b . u c T E s ~  
MAIN BUS VOLTAGE 
SOLAR ARRAY OUTPUT 121 6 W NEW 
22 TO Z 9 . N  DC 
99:s W: AFTER 5 YEAR 
B A T P Y  ENERGY 300 W-IT 
TELEMETRY I 
EQUIPMENT 
CONVERTER 
REGULATED LOADS 
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Figure 3 0 .  Preliminary Specification for  Electric Power Subsystem 
TABLE XVI 
NAVSTAR AVERAGE POWER REQUIREMENTS 
Attitude control subsystem 
Control logic assembly 
Earth Sensor 1 
Earth Sensor 2 
Valve dr iver  assembly 
Navigation subsystem 
Transmitter 
Data encoder 
Time base unit 
Oscillator 
Tracking data transponder 
Mechanically despun antenna 
Telemetry and command subsystem 
2-w transmitter 
Receiver 
Decoder 
Encoder 
P r o ~ u l  s ion s ub s vs t em 
Electrical integration subsystem 
Electrical  integration assembly 
Cable losses  
Power subsystem 
Power control unit 
Shunt elements 
Converter losses  
W a t t s  
0.29 
0.70 
0. 70 
0.01 
28.10 
3.00 
1.00 
1.00 
3.00 
11.25 
19.3 
1.62 
0.455 
1.015 
5.20 
1.00 
1.80 
0. 30 
13.43 
1. 70 
47.35 
22.39 
0.25 
6.20 
24.23 
102.12 Battery charging 8. 70 Total 
very desirable satellite feature, the addition of one string per panel would 
provide the additional power (1 12.3 w minimum) required to run the  tele- 
metry and command subsystem on a full-time basis without increasing the 
size of the other power subsystem components. 
plished with a weight increase of l e s s  than 2 lb. 
This could be accom- 
The navigation signal transmitter operates on a duty cycle, and the 
average power requirements do not give a true picture of i ts  power needs. 
The 50-w RF  transmitter requires 210 w for  i ts  operation. It operates on 
a 12.5 percent duty cycle for  1.5 sec on and 10.5 sec off. A solar a r ray  
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capable of supplying all this power would have to  be capable of supplying 
260 w minimum. This would mean, besides the large weight and space- 
craft  size penalty, an excess power dissipation of over 210 w f o r  87.5 
percent of the time. 
can be made to supply the additional power pulses for  the transmitter. 
Satellite tracking data can be transponded using the excess power when 
available. 
satisfied, 19.48 w could be made available for this purpose. 
represents an additional 1. 1 sec operation during every l h s e c  cycle. 
As the solar a r r ay  decays and the power output is reduced to 99 .6  w, the 
telemetry and command transmitter can probably be used with less fre- 
quency. 
transmission or  an additional second in every 12-sec cycle when the 
telemetry and command transmitter is  not operating. 
Instead of this, a battery for  operation in an eclipse 
I 
When the solar a r r ay  is new, after all the other loads are 
This power 
This would make about 18 w available for satellite tracking data 
The operation of the navigation signal transmitter is of paramount 
importance to the success of the satellite mission. 
reliability redundant battery system is recommended. 
Therefore, a high 
4. 7.2 Functional Description and Performance 
The main components of the electric power subsystem a r e  a solar 
a r ray ,  two nickel-cadmium batteries, a power control unit, a shunt ele- 
ment assembly, and a dc-to-dc converter. A functional description of 
each component is  presented below. 
The NAVSTAR has two main modes of operation during i ts  entire 
mission. 
continuous loads are supplied b y  the solar a r ray  during the illuminated * 
portion of the orbit and the battery supplies the excess power required 
to operate the navigation signal transmitter. The second mode occurs 
during eclipse when all the loads a r e  supplied exclusively b y  the batteries. 
The f i rs t  is  a solar array/bat tery sharing mode, where the 
The solar a r ray  is  sized to meet the average power requirements 
for  all  the loads, including battery recharging a t  the end of 5 years '  oper- 
ation. 
121.6 w, 
minimum power losses when the power requirements reach maximum, 
This results in an a r ray  with an initial power output capacity of 
A shunt regulator that taps a fraction of the solar a r ray ,  with 
n 
f 3 
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I 
has been found adequate f o r  this subsystem. 
29.2 vdc is thus obtained. 
ing the end of the eclipse when all the power is obtained from the 
batteries. 
A maximum bus voltage of 
The lower voltage limit of 22 vdc occurs dur- 
The charge/discharge control portion of the power control unit 
allows the batteries to charge at  a maximum rate when the power is avail- 
able. 
bus voltage exceeds 29. 7 vdc o r  by command. 
ually disconnected to recondition on command. 
The batteries a r e  placed on a trickle charge made when the main 
Batteries can be individ- 
4. 7.3 Components 
The solar a r r a y  is composed of N-on-P silicon solar cells ( s ee  
Table XVII) interconnected in a redundant series-parallel  matrix. The 
basic building block is  a module of two cells in parallel and four o r  five 
cells in se r ies  (Figure 32); these modules a r e  a lso connected in ser ies  
t o  form a string. 
parallel, for a total of 134 cells. 
panel ( s ee  Figure 31); and eight identical panels, 41. 1 in. high and 21.1 
in. wide, form the solar cell array.  Only 33. 6 in. of the panel height 
wi l l  be  taken up by solar cells in the present design. The total number 
of cells in the a r r a y  wi l l  be  8576. 
lapped cell design which provides a more effective a rea  utilization than 
the flat  cell layouts. 
21. 7 lb. 
A string consists of 67 cells in ser ies  with two sets  in 
There a r e  eight of these strings in a 
The module features a so-called over- 
The total  weight of the solar a r r a y  is  estimated a t  
Two nickel-cadmium batteries,  consisting of (2)  six-ampere-hour 
cells, a r e  used in this satellite, to provide 300-w-hr capacity a t  the 
nominal 25 vdc discharge voltage. 
a volume of 243 cu. in. 
plate and 4.5 in. in height. 
command. 
the load with a maximum depth of discharge of 50 percent f o r  the longest 
eclipse. 
Each battery weighs 14. 3 lb and has 
The linear dimensions are 6 x 9 in. a t  the base 
They can be individually reconditioned on 
In case one battery fails, the remaining battery can handle 
83 
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Figure 31. Solar Array Panel 
TABLE XVII 
SOLAR CELL AND COVER SLIDE CHARACTERISTICS 
Cell- to-Cell 
C onn e c to r s : 
Material: silicon 
Type: N on P ( T a g  sintered contacts) 
Size: 2 x 2 cm 
Thickness: 0.010 in. 
Efficiency: 
Basic resistivity: 7- 14 ohm-cm 
10. 5 percent (air mass zero, 28OC) 
Series resistance: 0.5 ohms 
I = 139.0ma 
V = 0.540 v 
sc 
oc - 
I = 126.5 ma pvoc - 
OP 
Vop = 0.440 v 
Material: fused silica 
Size: 1.8 x 2 cm 
Thickness: 0.012 in. 
Cut-off frequency; 410P 
C oppe r 
l0ooC = -2.25 mV/OC 
~ O O C  = -2.20 mV/ 0 C 
O°C = -2. 15 mV/OC 
-30°C = -2.05 mV/OC 
Figure 32. Solar Cell Connector Diagram 
( see  Table XVII) 
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The power control unit (PCU) (see Figure 30) consists of: 
0 
e Battery charge /discharge control 
0 Load control 
0 Telemetry 
0 
Voltage limiter (solar a r r ay  control) 
Shunt assembly (external to PCU) 
The voltage limiter consists of a precision voltage reference, dif- 
f e rential amplifie r (e r ror  amplifier) , complementary cur rent amplifier , 
current amplifier, and power amplifier (shunt elements). The output load 
bus voltage i s  compared with the voltage reference in the differential/ 
amplifier, and the net e r r o r  i s  amplified. 
pensated by the thermistors, which monitor battery temperatures. 
fore, the bus voltage i s  regulated to charge the batteries at  a safe voltage 
continuously during conditions when the load current is less  than the a r ray  
capacity. The temperature-compensated e r r o r  signal generated is passed 
through the required stages of current amplification. 
gain signal controls the power shunt transistors that regulate the voltage 
produced by the bottom half of the solar array,  thus regulating the bus 
voltage to * 2 percent. 
The voltage sampled is com- 
There- 
This high-current 
The method,qf controlling the charge of the two nickel-cadmium 
I I ,  
batteries consists of co&’eIoting the batteries directly t o  the main bus and 
charging them at a maximum rate’as  determined by the excess a r ray  capa- 
city. The final voltage at the batteries is controlled by the voltage limiter 
and is compensated by battery temperature. 
the voltage limit. 
transient, periodic loads exceeding the a r ray  capacity a re  supplied by the 
batteries. 
The hottest battery dictates 
By having the batteries connected directly to the bus 
Overload control and telemetry a r e  other features of the PCU. Pro- 
visions a re  present to recondition and to control the battery by ground 
commands. 
within an envelope of 7. 13 x 6.5 x 10 in. 
A PCU of this type weighs approximately 8 lb, and fits 
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The shunt assemblies a r e  power amplifiers that combine with the 
P C U  to limit the main bus. 
into two assemblies, each capable of dissipating 47 w at 120OC. 
shunt of this type weighs 1.6 lb and f i t s  within an envelope of 
5.5 x 5.5 x 1.5 in. 
The quad redundant elements a re  divided 
Each 
A central dc-to-dc converter with multiple outputs supplying the dif- 
ferent subsystems is contemplated. The output voltages required a r e  *28, 
t15, t10, t6, -6, -15 and -24 vdc. Of these, about 34 w at 28 v and 20 w 
at other volt ages represent continuous loads. The other loads a r e  inter- 
mittent and the largest of these i s  represented by the navigation signal 
transmitter. 
on a duty cycle of 12.5 percent of each 12-sec period. 
navigation transmitter can be supplied by t h i s  same converter unit. 
This transmitter requires 210 w for operation, but it operates 
The power for the 
The supplying of power to the pulsating navigation signal transmitter 
load is one item deserving further study. 
ectly to the battery may prove to be superior to the mode presently re- 
commended. Such direct connection may reduce ripple in the main bus 
and reduce EMC problems. 
A separate bus connected dir- 
The dc-to-dc converter is expected to weigh about 3.5 lb and have 
a s  envelope dimensions 7 x 6.2 x 5 .3  in. 
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4.8 SATELLITE TELEMETRY AND COMMAND SUBSYSTEM 
The telemetry and command subsystem consists mainly of existing 
designs developed for and, in some cases,  flight-proven on the Vela, 
SGLS, and Intelsat I11 programs. 
a r e  a s  follows: 
The main features of this subsystem 
0 Telemetry transmitted to ground stations, which includes 
housekeeping data, the command status of the satellite, 
and high-resolution timing information pertaining to 
satellite attitude. 
0 Commands at 50 b/sec data ra te  from a ground 
station for  normal satellite functions, apogee motor and 
attitude thruster firings, and for resetting of the satellite 
oscillator frequency . 
0 Data on satellite ephemeris and oscillator phase correc-  
tions sent via the command link for storage on board the 
satellite. 
0 Provision for command link security by additional unit 
and decoder modification. 
The T and C subsystem block diagram, shown in Figure 33, con- 
sists of a telemetry encoder, telemetry transmitter, diplexer, S-band 
omnidirectional antenna, command receiver, and command decoder. 
The omnidirectional antenna provides hemispherical coverage from one 
end of the satelllite. 
4.8. 1 Telemetry Encoder 
The telemetry encoder proposed is a design developed for the 
Intelsat 111 satellite. 
in Figure 34. 
A simplified block diagram of the encoder is shown 
The analog telemetry signals a r e  time multiplexed by a ripple 
counter and sample gates at such a rate that all 6 3  channels (a complete 
frame) are readout with a 1 min frame rate. 
supercommutation of cri t ical  data, such a s  main bus current to a ra te  
once every 15 sec. 
telemetered to the ground station by two IFUG subcarriers.  
reference' pulse and sun-sensor pulse signals a r e  amplitude-modulated 
on the subcarriers while the two earth-sensor pulses frequency-modulate 
Provision is made for 
The attitude control subsystem timing pulses a r e  
The antenna- 
i 
:i 
OM N I- ANTEN N A  
- 1  i
- 1  
3 
1800-MHZ COMMAND LINK 
2200-MHZ TELEMETRY LINK Y '  
TO ELECTRICAL 
1 N TE GRAT ION 
ASSEMBLY 
COMMAND STATUS DATA 
HOUSEKEEPING DATA 
ATTITUDE POSITION DATA (FROM ACS) TRANSMITTER 
Figure 3 3 .  Telemetry and Command Subsystem Block 
Diagram 
I 
ANTENNA EARTH SENSOR 
NO. 1 PULSES REFERENCE PULSES 1 50%AM I 
FRAME 
SYNCHRONIZER - 
63 CHANNEL 
61 ANALOG 
INPUTS 
EARTH \ENSOR S ~ N  THRUSTER 
NO. 2 PULSES 
MULTIPLEXED 
TRANSMITTER 
-F OUTPUT TO 
Figure 34. Telemetry Encoder Block Diagram 89 
the subcarriers.  
modulates a third IRIG subcarrier while the attitude thruster firing 
period amplitude-modulates this subcarrier. 
The 63-channel PAM telemetry data frequency- 
The numbers shown in the block diagram are the subcarrier and 
car r ie r  (B's) modulation indices that are used for the telemetry link. 
4.8.2 Telemetry Transmitter 
The telemetry transmitter performs the following functions: 
1. Accepts the telemetry encoder subcarriers and phase 
modulates them onto the S-band carr ier .  
2. Produces a minimum output power of 2 w at 2200 MHz. 
It is proposed that the all-solid-state S-band transmitter,  which 
was developed for the Space -Ground Link Subsystem (SGLS), be used 
for the telemetry transmitter. 
by a temperature -compensated crystal oscillator, which is operated at 
low power (1 /2  mw) and is isolated from succeeding stages by a buffer 
amplifier with high-input impedance. 
shown in Figure 34a. 
Excellent frequency stability is achieved 
A simplified block diagram is 
MODULATION 
IN PUT 
Figure 34a. Simplified Block Diagram of the S-band 
Telemetry Trans mitte r 
Telemetry subcarriers a r e  phasemodulated on a 140-MHz-RF car- 
r i e r  by a high-linearity varactor phase modulator. 
deviation is required, since the car r ie r  and hence deviation a r e  multipled 
by 16 for  the final output frequency. 
relatively low frequency (140 MHz) where efficiency is high, by means 
of four transistor stages, shown as the power amplifier block in 
Figure 3 3 .  A cascade of four high-efficiency, push-push varactor 
doublers multiplies the 140-MHz phase modulated car r ie r  by 16 to obtain 
the 2200 -MHz S-band frequency. 
Only a small phase 
RF power (10 w) is developed a t  a 
Multiplier spurious frequencies a re  
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removed by a high-Q cavity bandpass filter to achieve a high-purity 
S-band output spectrum having an average power of 2 w. 
efficiency (dc to RF) is 10.4 percent. 
4.8. 3 Diplexer 
The nominal 
Functionally, the diplexer must provide for coupling the receiver 
and transmitter to a common antenna with minimum insertion loss 
between both units and the antenna while, at the same time, maintain 
adequate isolation between transmitter and receiver. Such a unit has 
been developed and space-qualified for the SGLS program and is proposed 
for the NAVSTAR diplexer. 
diplexer are as follows: 
The measured parameters of the SGLS 
1) Receiver -channel insertion loss 1.55 db 
2 )  Transmitter -channel insertion loss 0.65 db 
3) Receiver -image rejection 8 5 db (min) 
4) Transmitter -to-receiver isolation 80 db 
5) Transmitter se cond-harmonic attenuation 80 db 
A block diagram of the proposed diplexer is shown in 
TO 
ANTENNA 
Figure 34b. 
1.05 DB 
RECEIVER TRANSMITTER INPUT 
. . - - - . .. . . - . .- 
TUNABLE 2200-2300 MHZ 
8 RESONATORS 
TUNABLE' 1750-1850 MHZ 
Figure 34b. Block Diagram for the S-band Diplexer 
Both the transmitter and receiver bandpass fi l ters are a cascade 
of optimally coupled cavity resonators having a typical unloaded Q of 
2200. 
stub, tuned to the second harmonic, provide the 80-db second-harmonic 
rejection with negligible insertion loss  (low-pass filter in Figure 34) .  
The four -port circulator of Figure 33 couples the spacecraft S-band 
antenna to the two diplexers and assures  proper termination of the 
bandpas s f ilte r s . 
A combination of four capacitive sections and a quarter-wave 
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4.8.4 Command Receiver 
A fully developed and flight -qualified S-band receiver performing 
the functions of the command receiver is available from the SGLS pro- 
gram. This all-solid-state, dual-conversion, phase -lock receiver is 
proposed for use as the NAVSTAR command receiver. 
block diagram of the 1800 MHz (1762 to 1842 MHz available by selecting 
the oscillator frequency) command receiver is shown in Figure 35. 
A simplified 
Important features of this receiver design a re  coherent mixer 
injection frequencies, low-frequency IF amplifiers, and careful choice 
of local oscillator and product frequencies so  that high-level subharmon- 
ics  of the incoming frequency are not generated. The last design feature 
is of vital importance to a locked-loop receiver, since a self-locking 
mode is possible if  a subharmonic of the received frequency is present 
and of threshold magnitude. 
of the dual conversion technique and by a prudent choice of local oscillator 
frequencies and multiplier ratios, based on a thorough analysis of all 
possible spurious mixing products. 
conversion, is the division of IF gain over two frequencies thereby 
reducing the instability problem of a high-gain tuned amplifier cascade. 
The receiver is designed to operate in a sweep mode until car r ie r  
Subharmonics were eliminated by means of 
An added feature, obtained by dual 
phase lock is computed. 
stabilities, doppler bandwidth allowance , and minimum loop bandwidth. 
After car r ie r  phase lock, the sweep circuitry cuts off and a voltage is 
sent to the telemetry subsystem indicating that the receiver is in a posi- 
tion to demodulate command data. 
This reduces the requirements on oscillator 
The output of the receiver from the modulation phase detector a re  
the two FSK command tones (2.0 and 2.9 kHz) keyed at 50 bits per sec. 
The output of the command tones goes to the command decoder for 
decoding of the ground station commands. 
92 
T 
I 
V s c 
w 
0 
'T1 
Q 
.r( w 
93 
4 . 8 . 5  Command Decoder 
The decoder is an advanced design of the type used on the Ve la  
spacecraft with reduced parts count and weight and having power consist- 
ent with high reliability. 
a It e r na t e. 
It has two modes of operation, normal and 
In the normal mode, the command decoder is to  demodulate the 
FSK subcarr iers  ( 2 . 0 -  and 2.9-kHz tones) from the command receiver 
and process the 50 b / s e c  data s t ream into a 9-bit parallel readout cor re-  
sponding t o  the command o r  update information. 
word appears a s  binary information on these nine lines fo r  80 ysec a t  the 
end of the command sequence. 
which is 60 psec long and occurs in the center of the command output 
interval. Whenever no tones a r e  present, a squelch circuit in the input 
to  the decoder disables it and turns off the power to  most of i ts  circuits. 
The nine data lines and the execute line a r e  sent to the electrical inte- 
gration assembly which provides command processing and distribution. 
Each command o r  data 
A tenth line delivers an  execute signal, 
A preamble consisting of at least 16 zeros (320 psec burst  of the 
2000-Hz tone) is required initially for squelch-circuit deactivation. 
command bits (all zeros) may be sent to defeat the squelch, thus allowing 
immediate transmission of a succeeding command without the inclusion 
of further preamble bits. 
initiation of the decoding program cycle by noise f rom the receiver and 
minimizes standby power consumption. 
Inter - 
The squelch circuit prevents inadvertent 
A synchronizing bit, consisting of a single "1, I' initiates the decod- 
ing program cycle for analysis of the command message format. 
data is then shifted into the shift register. A decoder address check is 
performed by comparing the eight address bits with an externally wired 
address. 
respective command complement bits for correctness. 
probability of false interpretation of a command is calculated to be 
The 
The nine command bits a r e  checked, bit-by-bit, with their 
The worst-case 
3 x l o +  
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The command decoding process is timed by a five-stage programmer 
and suitable gates. The programmer is rese t  by the loss of the command 
modulation tones (i. e. , by the squelch circuit) or  by power interruptions. 
The output lines a re  gated by buffer gates, which a r e  enabled only when 
the command is correctly received, thereby avoiding an Iron" failure of 
any line. 
Upon satisfactory completion of the address and command checks, 
the nine bits stored in the shift register a re  transferred to the nine out- 
put lines via the buffer gates. 
( t2 .5  v) or rtlow''  ( t0 .4 v), depending on the received command. 
Each of the output lines wil l  be "high" 
The command decoder operates in its Alternate Mode in order to 
provide the periodic timing pulses required for firing of the positioning 
and orientation thrusters. In this mode, the decoder senses the ''ont1 o r  
off" condition of the 2.0 and 2.9-kHz command tones and provides a dis- I1 
Crete output corresponding to the pulse duration to the EIA. 
The 2.9-kHz tone is considered "on" and the 2.0-kHz tone is con- 
sidered "standby". 
2.0- to the 2.9-kHz tone for  a specific duration and then switching 
back, a pulse of tha t  duration is sent to the EIA. 
A discrete type I command is sent to the decoder in order to trans- 
By switching, through ground command, from the 
fer it from the Normal Mode to the Alternate Mode. 
Mode, the tones will  be utilized as pulse duration commands to the ex- 
clusion of other commands or  data a s  long as  one of the two tones remains. 
To clear the system and revert  to Normal Mode, it is necessary to remove 
both tones for at  least 100 sec. 
Once in the Alternate 
The command decoder also supplies artificial earth pulses to the 
The control logic assembly in the event of failure of one earth sensor. 
artificial earth pulse is used as a reference for despining of the navigation 
antenna as discussed in par. 4.5.2. I. 
derived by demodulating the 2.9-kHz tone which is frequency-modulated 
by ground station operation. 
The artificial earth pulses a r e  
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4.8 .6  T And C Link Performance 
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The power budget for  the telemetry and command links is given in 
Tables XVIII and XIX. 
the satellite omnidirection antenna, including a linear-to-circular 
polarization loss of 3 . 0  db. 
assumed. 
with only a 100-w transmitter. 
margin with the 2 -w telemetry. Consequently, stations receiving 
telemetry need at least  a 30-ft antenna while stations transmitting 
commands can use a much smaller antenna. 
A worst-case gain of -3.0 db w a s  assumed for 
A 30-ft ground-station antenna was also 
With these antennas, the command link has a large margin 
However, the telemetry link has a small  
TABLE XVIII 
POWER BUDGET-TELEMETRY LINK, 2200 MHz 
( PAM/ FM/ PM) 
Parameter 
Satellite transmitter power (2 w) 
Circuit 10s s 
Satellite antenna gain (omni) 
Space loss (22,000 nmi) (2200 MHz) 
Polarization 10s s (maximum) 
Ground antenna gain (30- f t  parabola) 
Ground circuit loss 
Net transmission loss 
Total re ce ive d power 
Receiver noise spectral density 
(Ts = 290" K) 
Received car r ie r  -to-noise density 
ratio ( C / @ )  
Required C/@ 
Pe r f or mance mar  gin 
Value 
t33.0 dbm 
1.50 db 
0.0 db 
189.9 db 
3.0 db 
43.0 db 
0.5 db 
151.9 db 
-118.9 dbm 
-174.0 dbm/Hz 
55.1 db 
50.5 db 
4.6 db 
TABLE XIX 
POWER BUDGET-COMMAND LINK, 1800 MHz 
(PC M / FSK /PM - 5 0 bps ) 
Parameter 
Ground transmitter power (100 w) 
Circuit loss 
Ground antenna gain (30-ft parabola) 
Space loss (22000 nmi) (1800 MHz) 
Polarization 10s s (maximum) 
Satellite antenna gain (omni) 
Satellite circuit loss 
Net transmission loss 
Total received power 
Receiver noise spectral  density 
(N.F. = 6.0 db) 
Carr ie r  Performance 
Car r i e r  modulation loss 
Received car r ie r  power 
Carr ie r  loop noise BW 
(1.0 rad  peak deviation) 
(2 BLO = 1-KHz) 
Threshold SNR in 2 BLO 
Threshold carrier power 
Performance margin 
Data Performance 
Data modulation 10s s 
Received data power 
Data noise bandwidth (50 Hz) 
Threshold SNR in data bandwidth 
Threshold data power 
Per for mance mar  gin 
(1.0 rad peak deviation) 
(pe = 10-5) 
Value 
50.0 dbm 
2.5 db 
43.0 db 
189.6 db 
3.0 db 
0.0 db 
1.5 db 
153.6 db 
-103.6 dbm 
-168.0 dbm/Hz 
2.3 db 
-105.9 dbm 
30 db 
6.0 db 
-128.0 dbm 
t22.1 db 
4.1 db 
-107.7 dbm 
17.0 db 
19.0 db 
-132.0 dbm 
t24.3 db 
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4 .9  SATELLITE TRACKING DATA SUBSYSTEM 
An L-band transponder has been added to the satellite to provide 
for a communication link between ground stations in  the NAVSTAR 
network. 
tion from the ground tracking stations to a central station or  stations 
where computations of satellite ephemeris and oscillator corrections 
are made from the received tracking data.* 
This link wil l  be used for relaying satellite tracking informa- 
The data links wil l  be at L-band so that the navigation signal 
L-band despun antenna can also be used for this service. 
the 50-w navigation signal transmitter wil l  also be used. 
mitter wil l  be time- shared with the navigation signal by utilizing it be - 
tween navigation signal broadcasts. 
the satellite indicates that the transmitter can be on 1. 1 sec between 
navigation signal broadcasts at the beginning of satellite life. The links 
a r e  capable of a data rate of 400 b/sec so that 440 bits per  satellite per 
broadcast frame is possible. 
a total of 3520 bits per satellite broadcast frame can be received by the 
central data-gathering station or stations, assuming that all eight 
satellites have a tracking data transponder. 
more than adequate for continuous updating of the network of satellites'  
ephermeris and oscillator corrections. 
In addition, 
The t rans-  
The power subsystem capability of 
Since there a re  eight satellites in a frame, 
This number of bits is 
A tentative se t  of car r ie r  frequency assignments is a s  follows: 
1660 MHz: Uplink Tracking Data Carr ie r  
1551 MHz: Downlink Tracking Data Carr ier  
1567 MHz: Downlink Navigation Signal Car r ie r  
The two downlink ca r r i e r s  a r e  separated by 16 MHz so that the tracking 
data carr ier  wil l  not interfere with the navigation signal received by a 
user. However, the two ca r r i e r s  are within the 20-MHz bandwidth 
capability of the L-band transmitter,  so that this transmitter can be 
used for both links as  described above. 
end of the L-band so  a s  to ease diplexer requirements. 
The uplink car r ie r  is a t  the high 
*Ground-station tracking data consist of the range (difference) measure - 
ments made from the L-band navigation signal transmitted to the network 
98 
4.9. 1 Equipment Description 
A block diagram of the data-tracking transponder is shown in 
Figure 36. 
to the satellite to provide the tracking data relay function. 
the dotted lines are a diplexer, plus a receiver which converts the uplink 
1660-MHz car r ie r  to an IF frequency for amplification and then up- 
converts the IF to 517-MHz frequency for driving the L-band navigation 
signal transmitter. 
as one of the inputs to a solid-state switch, which must be placed between 
the output of the X4 multiplier (which forms the other input to the switch) 
and the input to the 6-db amplifier in the transmitter (see transmitter 
block diagram, Figure 33. The 22.5-dbm power i s  the required level 
for the input to the amplifier following the switch. 
amplifies and X3 multiplies the 517-MHz signal from the receiver to 50-w 
power output and 1551-MHz car r ie r  frequency. 
connects either the X4 multiplier o r  the output of the receiver to the 6-db 
amplifier under command from a mode -control signal. 
signal generated from the navigation signal subsystem in the satellite 
determines whether the transmitter is operating in the data-tracking - 
transponder mode or  the navigation-signal mode. 
The dotted lines enclose the equipment which must be  added 
Shown inside 
The 517-MHz output at a 22. 5 dbm power level serves 
The transmitter then 
The solid-state switch 
The mode -control 
The uplink signal out of the diplexer is fed to a preamplifier which 
provides enough gain to drive the mixer. 
one of the transistorized circuits that a r e  now on the market. 
The preamplifier can utilize 
The characteristics of a few of these units are given in the follow- 
ing tabulation: 
Minimum Noise 
Manufacturer Gain Figure Size (in.) Weight 
RHG alectronics 20 db 5.5 db - - 
Ae rote ch 20 db 5.2 db 4 . 5 ~ 2 . 5 ~  1 13 oz. 
Inter national 
Microwave 15 db 5.3 db 0 . 7 5 ~ 2 . 5 ~  5.0 
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k 
k 
I3 
A crystal  oscillator, operating at 127 MHz, is multiplied by 12 in 
two multipliers, X3 and X4, to generate the local oscillator signal. 
can be transistor multiplier stages using techniques and components that 
are available today. 
These 
The down converter wil l  drive an IF amplifier and limiter circuit. 
This is a narrowband, 20-kHz, high-gain amplifier. 
the signal level up to a level which can be converted to a frequency 
necessary to drive the low-level stages of the transmitter. 
It is needed to  bring 
The up-converter will  utilize a varactor to give the most efficient 
The 38 1 -MHz oscillator signal is obtained from frequency conversion. 
the output of the X3 multiplier in the local oscillator chain. 
amplifier is needed to provide the 22. 5 dbm required to drive the follow- 
ing stages in the transmitter.  
An output 
All  techniques required for circuitry in the transponding receiver 
are within the state -of -the -art. 
w of power. 
about 3 lb, including the preamplifier. 
The receiver wil l  require about three 
It wil l  be approximately 9 x 2 x 3 in. i n  size and wil l  weigh 
The diplexer provides about 0.5-db insertion loss. It is approxi- 
mately 6 x 6 x 1 in. in size and wil l  weigh about 1 lb. 
4 . 9 . 2  Link Power Budgets 
Power budgets for the tracking data uplink and downlink are shown 
in Tables XX and XXI. 
least  14.0 db in the 20-kHz IF noise bandwidth of the receiver is specified 
so as to limit the downlink noise contribution. The downlink noise contri- 
bution is given by the following relationship and results in a 2.4 db down- 
link noise contribution, This value is large because of the X3 multiplica- 
tion in the transmitter of the receiver output. 
On the uplink, a signal-to-noise ratio of a t  
- 
Downlink noise contribution = 10 log 
101 
where 
N = transmitter multiplication (X3) 
= noise spectral  densities in satellite and ground 
'v' ' g station, respectively 
S , S = received signal powers in satellite and ground 
g station, respectively. 
The downlink power budget assumes FSK modulation of the tracking 
data on the uplink ca r r i e r  and noncoherent detection at the receiver. Non- 
coherent detection is assumed to eliminate ca r r i e r  acquisition using phase 
lock receivers. Since the tracking data is received in short  bursts  (1. 1 
sec) between satellite navigation signal broadcasts, no time is available 
for car r ie r  acquisition. 
-5 a bandwidth equal to the bit ra te  is required for a 10 
4 db greater than ideal noncoherent FSK detection), the tracking data link * can support a data o r  bit ra te  of 400 b /sec  with 7.5-db margin. 
Assuming that an 18.0-db signal-to-noise ratio in 
bit e r ro r  ra te  (about 
The ground stations can utilize the same L-band antennas used for 
receiving the navigation signal range (difference) data from the satellites. 
These antennas have been designed to provide 12-db gain ( see  subsec 4. 1). 
The transmitting stations will require a 1 kw transmitter.  
station or stations will require a 5.0 db noise figure receiver and a 
noncoherent FSK demodulator. 
The receiving 
TABLE XX 
UPLINK POWER BUDGET TRACKING DATA LINK fc  = 1660 MHz 
Parameter 
Ground station transmitter power (1 kw) 
Circuit 10s s e s 
Ground antenna gain 
Space loss (22 ,000  nmi) 
Satellite antenna gain (despun) 
Circuit losses (including diplexer) 
Net transmission loss  
Value 
60.0 dbm 
1.5 db 
t 12.0 db 
189.0 db 
t 16.0 db 
1.0 db 
163.5 db 
* 
Since doppler is very small, the FSK f i l ters  do not have to be much 
wider than that needed for the data rate. 302 
TABLE XX 
UPLINK POWER BUDGET TRACKING DATA LINK fr = 1660 MHz (cont'l 
Parameter  
Received signal power 
Receiver noise spectral density (N.F. = 6.0 db) 
Receiver IF noise bandwidth (20 kHz) 
IF noise power 
Required IF SNR 
Required received signal power 
Margin 
Value 
-103.5 dbm 
-168.0 dbm/Hz 
43.0 db 
-125.0 dbm 
14.0 db 
-111.0 dbm 
t 7.5 db 
TABLE XXI. DOWNLINK POWER BUDGET TRACKING DATA 
LINKfc = 1551 MHz 
- 
Parameter 
Satellite transmitter power (50 w) 
Circuit 10s ses  (including diplexer) 
Satellite antenna gain (despun) 
Space loss (22,000 nmi) 
Ground antenna gain 
Ground circuit losses 
Ne t  transmission loss 
Received signal power 
Receiver noise spectral density (N. F. 
Uplink noise contribution 
Data noise bandwidth (400 b/sec) 
Data noise power 
Required data SNR (b. e. r .  = lom5) 
Required signal power 
Margin 
= 5.0 db) 
Value 
t 47.0 dbm 
1.0 db 
t 16.0 db 
188.4 dbm 
t 12.0 db 
1.5 db 
162.9 db 
-115.9 db 
-170.0 dbm/f 
2.4 db 
26.0 db 
-141.6 dbm 
18.0 db 
-123.6 dbm 
t 7.7 db 
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4.10 THERMAL CONTROL 
Thermal control of the satellite and its equipment is accomplished 
by passive techniques. 
made between the external heat sources, external radiant emission, and 
the internally generated heat at a temperature level within the tempera- 
ture  limits of the components. In sunlit operation, a radiative heat bal- 
ance i s  established, while in eclipse the thermal inertia of the individual 
components serve to maintain the desired temperatures within the 
satellite. 
The system requires that an energy balance be 
4. 10.1 Requirements 
The thermal control subsystem is required to provide a desired 
thermal environment for  the satellite and i ts  components during five post- 
launch conditions, a s  follows: 
1) Ascent 
2) Transfer ellipse coast 
3 )  Orbit injection 
4) Orbital operation in eclipse 
5) Orbital operation in sunlight 
The thermal control system is required to provide the desired 
thermal environment for all the spacecraft components during any of the 
orientations obtained for the five conditions listed above. 
spin-stabilized spacecraft with a mechanically despun antenna. 
nal heat dissipation for  NAVSTAR varies f rom approximately 80 to 40 w 
during its orbital operation. The maximum heat dissipation occurs during 
the sunlit orbital operation, while the minimum occurs during the eclipsed 
orbital operation with one battery failed. 
NAVSTAR i s  a 
The inter-  
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4. 10.2 System Description 
The materials used to maintain the desired temperature range in  
the NAVSTAR satellite contain no active thermal control materials and 
a r e  a s  follows: 
1) 
2) Multilayer insulation 
3) Thermal interface fi l lers 
4) 
Selected surface finishes and coatings 
Varying degrees of thermal structural coupling 
The equipment platform is thermally isolated f rom the external 
structure by fiberglass structural attachments. The thermal radiation 
exchange between solar panels, equipment platform, and components is 
minimized by the selection of the coatings on the component and equip- 
ment panels. The surface of the solar-array substrates facing the 
interior of the spacecraft is covered with a high-emittance coating, pro- 
viding the desired environment fo r  the satellite components, 
Interface filler materials of high-thermal conductance assure 
adequate thermal conduction to the equipment platform from the compo- 
nents with high-heat dissipation. 
A careful selection of the components provides thermal balance so 
as to assure a reasonably uniform heat dissipation over the platform. 
The platform is made of aluminum honeycomb with metal-to-metal con- 
tact between the core and the face sheets to enhance thermal conduction. 
This type of mounting and support has previously been proved by TRW in 
the Intelsat 111, Vela, and Pioneer programs. 
The surfaces of the various components and equipment panels a r e  
treated by painting, anodizing, gold plating, or  colorless chemical film, 
where necessary, to provide the desired local emittance. In some cases 
it is even desirable to just  leave the metal bare. This variety of surface 
finishes o r  combinations of finishes can be used to achieve any specified 
temperature level. 
Insulation of the apogee motor serves the purpose of maintaining 
the propellant within a specified range of temperature (30 to 9OoF) until 
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ignition, and prevents overheating of the satellite during apogee motor 
burning. 
satellite structure is provided by the use of titanium for  the apogee motor 
adapter cone. This, together with multilayer insulation (five layers  each, 
Some thermal insulation of the apogee motor case f rom the 
. alternating 0. 5 mil aluminum foil with dexiglass paper) wrapped around 
the motor case,  provides protection of the spacecraft components f rom 
overheating during apogee motor firing. 
tion configuration which will be used on NAVSTAR. 
Figure 37 shows the insula- 
Multilayer insulation also protects the apogee motor propellant 
f rom excessive temperature fluctuation during transfer ellipse coast, in 
combination with a multilayer aluminized Mylar blanket installed across  
the nozzle exit cone. 
nozzle throat, is blown out at motor ignition. 
a r e  required to provide adequate thermal control for the engine. 
This blanket, along with a polystyrene plug at the 
Both the blanket and plug 
To limit the heat leakage in space, it i s  necessary to have a cover 
These covers limit the emittance to 0.15 on each end of the spacecraft. 
f rom the top and bottom. 
apogee motor firing indicates the need for  a high-temperature cover on 
the bottom of the spacecraft to survive apogee motor firing. The cover 
is made of 1-mil stainless steel with a vacuum-deposited coating and is 
covered with aluminized Kapton. 
tural strength to withstand the back pressure f rom the apogee motor 
firing. 
Examination of the base-heating problem during 
The stainless steel provides the struc- 
Kapton gives the desired thermal radiation properties. 
In a passive system, the electrical components are maintained 
within their temperature limits by component design requirements such 
as flatness, component location (equalized heat dissipation on platform), 
component orientation (maximum mounting area for heat dissipation 
densities greater than 0 . 3  w/in ), baseplate area, and baseplate thick- 
ness  sufficient to reduce heat densities to acceptable levels. 
able to keep the heat dissipation of a component below 0. 3 w/in2 and most  
of the NAVSTAR components have power densities equal to o r  less than 
this. However, certain components, e. g . ,  power control units, exceed 
this limit. Local increases in baseplate thickness enhance the lateral  
conduction when required by these high heat-dissipation density units. 
2 
It is desir-  
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Figure 37. Apogee Motor Insulation 
4.11 SYSTEM PERFORMANCE 
The equipment, except for  the shunt regulators, is located on the 
platform; the shunt regulators a r e  mounted on the central cylinder. 
Numerous studies and tests have been performed on Intelsat I11 
(Ref. 1 through 4). 
thermal model with 311 resistances was developed. 
provides an analytical tool for evaluation of the thermal design. 
the spacecraft into analytical nodes. Each of the nodes, representing a 
segment of the spacecraft, is connected to its adjacent node by thermal 
resistance to account for conduction and radiative heat transfer. 
thermal model utilized the TRW Thermal Analyzer Program (TAP). 
is an n-dimensional, asymmetric finite difference routine where the 
During the thermal analysis of Intelsat 111, a 188-node 
The thermal model 
It divides 
The 
TAP 
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thermal parameters a r e  entered a s  their electrical analogies 
on the high- speed digital computers. Fo r  this configuration, 
f o r  solution 
the results 
of the Intelsat I11 thermal analysis were used. Table XXII presents the 
predicted maximum and minimum temperatures for the NAVSTAR com- 
ponents. 
of the cri t ical  satellite components. 
Table XXIII indicates the temperatures during eclipse fo r  some 
The solar a r r ay  temperature versus solar inclination angle a r e  pre- 
sented in Figure 38, and Figure 39 shows solar a r r ay  temperatures 
during eclipse. The temperatures a r e  the result of Intelsat I11 tests 
(Ref. 2) and analysis. 
The propellant tanks have low -emittance finishes, which keep them 
near the temperature level of the satellite. 
lines, and valves are maintained above its freezing point 34 F. 
a r e  insulated as shown in Figure 40 with 10 layers of aluminized Mylar 
insulation. 
The hydrazine supply in tanks, 
0 The lines 
The antenna is despun. Its reflector i s  aluminum honeycomb with 
the backside polished to give a low emittance ( E  = 0.05) to maintain the 
antenna above i ts  lower temperature limit during eclipse. 
cannot be coated with thermal coatings due to its electrical requirements. 
The maximum antenna temperature is 150°F. The minimum temperature 
is -120°F which occurs during eclipse\(Figure 41) because of the small 
amount of power being dissipated in the polarizers and the large heat leakage 
The polarizer 
, _  
into space. It may be 
its temperature band. 
necessary to add a heater on the antenna to minimize 
1 
a 
I 
".1 
TABLE XXII 
MAXIMUM-MINIMUM NAVSTAR COMPONENT TEMPERATURES 
Maximum Minimum 
Tempzrature Temperature 
Component ( F) (OF) 
Navigation Signal 
Oscillator 
Tim e bas e unit 
Data encoder 
Trans mitte r 
Tracking Data 
Diplexer 
Trans ponding receiver 
Telemetry and Command 
Telemetry encoder 
Command decoder 
Receiver 
Trans mi tte r 
Diplexe r 
Attitude Stabilization 
Control logic 
Valve driver 
Earth- sun sensor package 
Electrical Integration Assembly 
Solar a r r ay  
Battery 
Power control unit 
Conve rte r 
Shunt assembly 
Thrusters (axial) 
Thrusters (radial) 
Tanks 
Structure 
Slectrical Integration 
Electrical Power . 
Positioning and Orientation 
Central cylinder 
Equipment platform 
End cover - top 
End cover - bottom 
Thermal Control 
Insulation 
Apogee Motor 
Case 
Nozzle 
Propellant 
Save and arm device 
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100 
100 
152 
70 
70 
127 
127 
70 
152 
110 
80 
79 
104 
113 
212 
90 
94 
94 
150 
120 
105 
75 
300 
122 
300 
950 
68 
363 
60 0 
60 
62 
54 
36 
36 
55 
45 
37 
36 
49 
49 
60 
63 
17 
24 
62 
33 
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50 
27 
61 
4 
60 
48 
49 
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Figure 38 .  External Temperatures vs Sun Angle 
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TABLE XXIII 
NAVSTAR COMPONENT TEMPERATURES DURING ECLIPSE 
Eclipse 
Temperatures (OF) 
Component Start End C olde s t 
Navigation Signal 
Oscillator 
Time base unit 
Data encoder 
Transmitter 
Tracking Data 
Diplexe r 
Tran sponding receiver 
Telemetrv and Command 
76 58 54 
81 40 36 
81 40 36 
112 58 55 
54 47 45 
83 41 37 
-Telemetry encoder 81 40 36 
Receiver 86 53 49 
Diplexer 106 63 63 
REFERENCES 
1. 
2. 
3. 
4. 
112 
Communications Satellite, ' I .  P a r t  I, Technical and Management; 
Volume 2, Design, 18 October 1965. 
General Report on Thermal Control Subsystem Development 
Test ,  Intelsat 111, TRW IOC 67-3346. 100-101, C. 0. Meredith, 
L. E. Laaksonen, 27 September 1967. 
I t  Summary Report on Thermal Control Subsystem Development 
Test,  Intelsat 111, If TRW IOC 67-3346. 100-93, C. 0. Meredith, 
L. E. Laaksonen, 8September 1967. 
"Intelsat 111 Tandem Thruster Analysis, It  TRW IOC 67-3346.101-17, 
C. 0. Meredith, F. Herzberg, 17 October 1967. 
i l  
5. RELIABILITY 
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The question of orbiting vs spacecraft subsystem redundancy has 
been approached a s  follows. 
view three noncoplanar satellites in order to  determine his position. 
Thus, the approach to the design of the constellation has been to provide 
four satellites visible at  all  times in the region of interest in case any 
satellite fails and causes a slight degradation in accuracy, but still  per- 
mits the use of the navigation satellite system. 
lon so that it is  relatively straightforward to schedule a replacement for 
the failed satellite. 
If a user knows his altitude, he needs to 
The MTTF is sufficiently 
Given a ground rule of at  least one redundant satellite, it remains 
to  then design each satellite such that the overall MTTF is as  large as  
possible consistent with launch physical constraints. 
sents the results of such a study. 
This section pre- 
5 . 1  INTRODUCTION 
For reliability analysis purposes, NAVSTAR consists of 10 sub- 
systems. These a r e  structures, thermal control, apogee motor and safe/ 
arm,  position and orientation, attitude determination and contr 01, antenna 
despin, and electrical power. These designs have been developed and 
a r e  now undergoing test  and reliability verification on other programs. 
This will  provide some validation data against which future reliability 
estimates can be measured. 
provide substantial reliability data for use on the NAVSTAR program. 
In time, ground and orbit experience will 
The three subsystems which a r e  new designs for the NAVSTAR a r e  * 
navigation signal, telemetry and command, and electrical distribution. 
These new designs can all  be constructed using space qualified components 
and after suitable testing will exhibit the predicted reliability with sub- 
s tantial confidence. 
* 
The tracking data communications subsystem is  not included since it can 
fail without causing a system failure. 
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5.2 SUMMARY 
The numerical reliability estimate for the NAVSTAR is 0.455 for a 
This cor- 5-year orbital mission including launch boost and deployment. 
responds to a MTTF of 61. 57 months. 
bilities per phase for the three mission phases for the 10 NAVSTAR 
subsystems. 
Table XXIV lists the equipment relia- 
The reliability values listed in Table XXIV were developed by employing 
the following conditional probability functions. 
0.g8550 
0 .9984 
0 . 9 ~ 5 4 5  
0. 93886 
0 . 9 ~ 7 5  
0 . 9 ~ 8 6 0  
0 .  y580 
0.9% 
- (De ployme nt plus Launch / Boost ) - 
R(Deployment) R(Launch/Boost) 
0.98400 
0.9938 
0. 93846 
0. 93849 
0. 9462 
0 . 9 ~ 8 2  
0. q510 
0. 9454 
- R(Deployment plus Launch/Boost Plus Orbit) 
(Orbit) (Deployment plus Launch/Boost) 
TABLE XXIV 
SUBSYSTEM RELIABILITY PER MISSION PHASE 
Sub system 
1) Structures 
2) Thermal Control 
3) Apogee Motor & Safe/Arm 
4)  Position & Orientation 
5) Attitude Determination and 
Cont r ol 
6) Antenna Despin Assembly 
7 )  Electrical Power 
8)  Navigation Signal 
9) Telemetry & Command 
10) Electrical Distribution 
TOTALS 
Mission Phases 
ya;ch/ I Dz:hr- 
0.9 488 0.9 878 
Boost 
I 
5-Year 
Orbit 
0. q536 
0 . 9 ~ 1 0 5  
0.9922 
0.9860. 
0.9737 
0.9437 
0.9940 
0.8573 
0.7049 
0.8436 
0.4592 
5.3 SYSTEM RELIABILITY CALCULATIONS 
The reliability of NAVSTAR is computed for the launch/boost, 
deployment and 5-year orbit phases. 
lite i s  computed by multiplying the probability of success for  the three 
mission phases for  each subsystem. 
bility block diagram of NAVSTAR, defining the total mission reliability 
for each subsystem. Detailed reliability block diagrams per subsystem, 
where appropriate, a r e  incorporated in the subsystem reliability analy- 
sis, subsec. 5.5. 
The overall reliability of the satel- 
Figure 42 depicts a simplified relia- 
Most of the subsystems in the equipment incorporate considerable 
redundancy. 
following approach. 
were listed. 
additional assembly weight was computed for each candidate. 
ular assembly which resulted in the greatest system reliability improve- 
ment per pound was incorporated a s  redundant in  the equipment. 
dure was then repeated with the initial redundant unit incorporated in the 
system, and a second redundant unit was added. 
repeated until sufficient redundancy was introduced such that the reliabil- 
ity objectives were' obtained, while still remaining within the weight con- 
straints. 
reliability per pound of additional weight is  maximum wi l l  result in adding 
redundancy in  an optimum manner since the marginal increase in relia- 
bility per pound of additonal weight will be decreasing. This means that, 
on a particular trial, the candidate selected for  redundancy would be the 
optimum choice. 
for  the total system. 
Redundancy was incorporated in the design by employing the 
Each candidate assembly and its estimated weight 
Then the marginal increase in system reliability per lb of 
The partic- 
The-proce- 
The procedure was 
This procedure of adding units whose contribution to system 
This results in optimum selection for  each t r ia l  and 
In most optimization approaches, more than one parameter 
For  example, it would be reasonable to opti- requires tradeoff analysis. 
mize reliability a s  a function of cost, weight, performance, safety, etc. 
There a re  existing optimization techniques, such a s  dynamic program- 
ming, which can be effectively applied to reliability optimization prob- 
lems. 
will  be made employing dynamic programming techniques, considering 
multiple constraint parameters.  
Future tradeoff optimization studies involving multiple parameters 
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5 . 4  MTTF CALCULATION 
Since the NAVSTAR incorporates considerable redundancy, calcula- 
tion of the MTTF requires special analysis techniques. 
applied here is to divide the total spacecraft mission into two phases: 
launch/boost/deployment and orbit. 
time is 265 hr  (0.37 months) and the total orbit time is 43,800 hr ,  or  
5 yr .  
two phases. 
exclusive (but not independent) parts according to phase; i. e. those 
assemblies which fail during the early phase and those assemblies which 
fail during the orbital phase. 
puted as  a weighted average of the MTTF’s of these two populations. 
The technique 
The total launch/boost/deployment 
Generally, different failure distributions will apply during these 
The satellite population may be divided into two mutually 
The satellite MTTF in months may be com- 
P1 MTTFl t P2 (MTTF2 t 0.37) M T T F ~ ~ ~ ~ ~ ~ ~ =  
where 
= satellite MTTF in months 
M T T F ~ ~ ~ ~ ~ ~ ~  
PI = proportion of the population failing in Phase I 
P2 = proportion of the population failing in Phase I1 
MTTFl = MTTF of the population failing in Phase I 
MTTF2 = MTTF of population failing in Phase I1 
0.37 months = mission time t o  the s ta r t  of Phase I1 
The four unknowns (Pl, P2, MTTF1, MTTF2) a re  estimated for 
several time points in the mission, (see Table XXV). 
= 0.99235; P1 = 1-P2 = 0.00765, 
employing estimation techniques using the Weibull distribution. 
From the table, P2 
The estimate of MTTF2 is obtained by 
MTTF2 = cy’” (1 t 1/p) ( 2 )  
cy = Weibull scale parameter 
p = Weibull shape parameter 
If the overall system distribution were exponential, p would equal unity. 
In this case p = 1.46 and cy = 477.0. 
by plotting satellite reliability vs time on Weibull probability paper and 
Estimates of cy and p were obtained 
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TABLE XXV 
SATELLITE AND SUBSYSTEM CUMULATIVE RELIABILITY VS TIME 
Structures 
Thermal Control 
Apogee Motor & 
Safe/Arm 
Position & Orien- 
tation 
Attitude Determi- 
nation 
Antenna De spin 
Electrical Power 
Navigation Signal 
Command 
Electrical Dis - 
tribution 
Satellite Cumu- 
lative Reliability 
Telemetry & 
0 .  y337 
0. q800 
0.9922 
0.9384 
0. 9373 
0 .  q437 
0.  q468 
0. q489 
0. 9444 
3 0.9 2 
0.9935 
1 year 
0 .  q536 
0 . 9 ~ 1 1  
0.9922 
0.9947 
0.9951 
0.9963 
0.9993 
0.9948 
0. 9800 
0.9812 
0.9345 
Phase I1 - Y e a r s  -n  Orbit 
2 years 
0 . 9 ~ 3 6  
0 . 9 ~ 1 1  
0.9922 
0.9941 
0.9900 
0.9882 
0.9983 
0.9782 
0. 9316 
0.9541 
0.8313 
3 years 
0 . 9 ~ 3 6  
0.q711 
0.9922 
0.9912 
0.9847 
0.9763 
0.997 1 
0.9491 
0.8646 
0.9210 
0.7143 
4 years  
0.  ?36 
0.g711 
0.9922 
0.9884 
0.9793 
0.9613 
0.9957 
0.9082 
0.7870 
0.8837 
0.5837 
5 years 
0. q536 
0.9711 
0.9922 
0.9860 
0.9738 
0.9437 
0.9940 
0.8514 
0. 7049 
0.8436 
0.4592 
then obtaining a least-squares fit for the plot of the probabilities. 
stituting (Y and p into equation 2 yields MTTF2 = 61.6 months. 
Sub- 
M T T F ~  = (477) 0.685 r (1.685) 
= 61.6 months 
Since phase 11 actually starts 0.37 months after launch, the average time 
t o  failure for population 2 is 61.6 t 0.37 = 61.97 months. 
these values in Eq. 1, 
Substituting 
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(0.00765) (MTTF1) + (0.993531 (61- 9 7 )  MT NAVS TAR= 
= (0.00765) (MTTF1) t (61.57) 
MTTFl lies between zero and 0.37 months. 
The ref or e 
> (0.00765) (0) t (61.57) = 61.57 months M T T F ~ ~ ~ ~ ~ ~ ~ -  
(0.00765) (0.37) t (61.57) = 61.572 MT F~~~~ TAR' 
or 61.57 5 MTTF 5 61.572. 
An MTTF value of 61.57 months is thus estimated. 
5.5 SUBSYSTEM RELIABILITY ANALYSIS 
5.5.1 Structures Subsystem 
The structures subsystem reliability analysis is  based upon the 
Intelsat I11 reliability evaluation. 
effect of micrometeoroid penetration. 
for  the structures subsystem is: 
The analysis did not incorporate the 
The overall reliability assessment 
e Launch/Boost 0. g3488 
0 Deployment 0 .  93878 
e Orbit 0 .  9536 
Total structures reliability is the product of these three 
3 terms = 0.9 36. 
5.5.2 Thermal Subsystem 
The thermal subsystem is completely passive consisting of thermal 
blankets and thermal insulation. 
thermal equipment is: 
The reliability assessment for the 
0 Launch/Boost 0. !18550 
0 Deployment 0. 98400 
e Orbit 0 .  q7 105 
The thermal subsystem reliability is the product of these three 
terms = 0.9 7 0. 119 
5.5.3 Apogee & Safe/Arm Subsystem 
This equipment is comprised of the apogee motor and safe/arm 
devices. 
apogee motor, 
and the reliability assessment for the motor, including the safe/arm 
assembly is 0.9922. 
The safe/arm device provides ground safety and a rms  the 
Considerable testing has been performed on the motor 
This is apportioned as  follows: 
0 Launch/Boost 0.9984 
0 Deployment 0.9938 
The apogee motor is not required during the orbit phase. 
5.5.4 Position and Orientation Subsystem 
The position and orientation subsystem is simplified from the 
Intelsat by eliminating two propellant tanks, one pressure transducer, 
one f i l l  and drain valve and one ordnance valve. The total number of 
components in the subsystem is reduced from 17 t o  12, resulting in a 
slightly higher reliability, compared to the four tank configuration of 
Intelsat III. 
is 0.9858. 
The reliability for the position and orientation subsystem 
The reliability per phase is: 
0 Launch/Boost 0.95545 
0 Deployment 0. 93846 
0 Orbit 0.9860 
5. 5.5 Attitude Determination & Control Subsystem 
The attitude determination and control consists of four units, the 
control logic assembly, the valve driver assembly, the sun sensor and 
the earth sensor. The control logic assembly functions in one of three 
modes . 
The control logic assembly is defined as  operational i f  at  least one 
of the modes of operation a re  successful. 
subsystem is  shown in  Figure 43. 
The block diagram for the 
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"1 
. I  
A ,  = 1 7 4 ~ 1 0 ~  X 4 = 1 1 8 ~ 1 0 ~  
Figure 43. Reliability Block Diagram of Attitude 
Determination and Control Subsystem 
-R1R2R4; 
= [R1R2tR3tR1R4- RAttitude Determination 
R R3R4tR R 2.3241 
[ 2R7-R?2] R8 
[ ZRb-Rb] 
The reliability assessment per phase is: 
0 Launch/Boost 0 .  q3886 
0 Deployment 0. g3849 
0 Orbit 0.9737 
The total reliability for the subsystem is 0.9735. 
5.5.6 Antenna Despin Subsystem 
The antenna despin subsystem is required to  provide a highly 
directional despin mode antenna unit. 
redundant control electronics and the despin motor. 
diagram of this subsystem is shown in Figure 44. 
The subsystem consists of active 
The reliability block 
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Figure 44. Reliability Block Diagram of Antenna Despin Subsystem 
RAntenna Des pin = [ R 1  -I- (1-R1)R2R31 R 4  
The reliability assessment for  the subsystems 
0 Launch/Boost 0.99885 
0 Deployment 0 ..99849 
0 Orbit 0.9437 
The reliability for the subsystem i s  0.9436 
5.5.7 Electrical Power Subsystem 
The electrical power subsystem consists of four functional units, 
the solar array,  battery, converter and power control unit (PCU) and 
shunt. 
redundancy. 
is sufficient to perform all  mission functions. 
redundant and the P C U  incorporates considerable internal redundancy. 
Finally, the shunts a r e  redundant, 
electrical power subsystem is shown in Figure 45. 
The electrical power subsystem incorporates considerable 
The batteries a re  redundant and one of the two batteries 
The converter is also 
The reliability block diagram of the 
RElectrical Power = R1 p R 2  - RZ2] [R3 (1 -I- h3R)I Rq 
The reliability assessment per phase is: 
0 Launch/Boost 
0 Deployment 
0 Orbit 
The total reliability of the 
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0 . 9 ~ 8 6  
0 . 9 ~ 8 2  
0.9940 
electrical power subsystem i s  0.9940. 
-t 
SOLAR ARRAY 
AND SHUNTS {-t x4 = 34x10 
NOTE: THE SWITCH IN THE RELIABILITY BLOCK DIAGRAM INDICATES STANDBY 
REDUNDANCY. OTHERWISE, ACTIVE PARALLEL REDUNDANCY IS EMPLOYED. 
Figure 45. Reliability Block Diagram of Electrical Power Subsystem 
5.5.8 Navigational Signal Subsystem 
The navigation signal subsystem consists of a highly stable oscilla- 
tor,  time base unit, data encoder and scanner and high power transmit- 
t e r .  This subsystem incorporates considerable redundancy as shown by 
the reliability block diagram presented in Figure 46. 
I- 
RNavigation = [ Z R , - R , ~  [R2(1 t X2T)] 
[R4 (1 f- X4T)l 
The reliability assessment per phase is: 
0 Launch/Boost 0. q580 
OSCILLATOR TIME BASE UNIT DATA ENCODER 
TRANSMITTER 
Figure 46. Reliability Block Diagram of Navigation Signal Subsystem 123 
0 Deployment 0 . 9 ~ 1 0  
0 Orbit 0 . 8 5 7 3  
The total reliability for  the navigation signal subsystem is 0.8573,  
Note: The switch in the reliability block diagram indicates standby 
redundancy. Otherwise, active parallel redundancy is employed. 
5 . 5 . 9  Telemetry and Command Subsystem 
The telemetry and command subsystem consists of an S-band trans- 
mitter, receiver, encoder, and command decoder. Also a transponder 
for signal repeater functions i s  included, but this equipment is not con- 
sidered in-line for  reliability analysis purposes. 
porates considerable redundancy; i. e . ,  each unit incorporates parallel 
redundancy, either active o r  standby. 
the subsystem is shown in Figure 4 7 .  
The subsystem incor- 
The reliability block diagram for  
RTelemetry & Command = [R1(l t X$T] r2R2 L -R22] k R 3  - RS2] 
The reliability assessment for  each mission phase 
0 Launch/Boost 0 . 9 ~ 0  
0 Deployment 0. 9454 
0 Orbit 0.7049 
The total reliability for  the subsystem is 0.7049.  
TRANSMITTER 
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Figure 4 7 .  Reliability Block Diagram of Telemetry 
and Control Subsystem 
5. 5. 10 Electrical Distribution Subsystem 
The electrical distribution subsystem provides the interface 
between all  the subsystems. The subsystem receives signals from the 
command decoder, converts them to discrete commands and sends the 
commands to  the other subsystems, The basic electrical distribution 
sequencer is redundant, while the output gates a re  considered in-line. 
The reliability block diagram f o r  the electrical distribution subsystem 
is shown in Figure 48. 
RElectrical Distribution 
The reliability assessment fo r  the electrical distribution subsystem 
is: 
0 Launch/Boost 0 .  g3677 
0 Deployment 0 .  g3565 
o Orbit 0.8436 
The total reliability for  the subsystem is 0.8430. 
OUTPUT COMMAND 
Figure 48. Reliability Block Diagram of Electrical Distribution Subsystem 
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APPENDIX A 
NEW TECHNOLOGY 
New technology and innovations developed under this contract a r e  
discussed in the appendix to vol. I. 
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I. INTRODUCTION 
This report is a survey of some of the more important very stable 
oscillators or frequency standards. 
crystal oscillators, rubidium gas cell and cesium atomic beam frequency 
standards, and the atomic hydrogen beam maser. 
and the frequency stability characteristics of these devices are treated, 
and the physical characteristics, i.e., weight, dimensions,of several com- 
mercially available oscillators, are presented. 
Included in the survey are quartz 
The principles of operation 
The quartz crystal oscillator was developed in the early 1920's and 
is the stable oscillator in widest use. The atomic frequency standards were 
developed in the 1950's and became commercially available in that decade as 
the ammoniamaser and the cesium beam frequency standard. The optically 
pumped rubidium standards became commercially available in the early 1960's 
and the hydrogen beam maser became a commercial product in the mid-60's. 
Each of these devices has its virtues and limitations as will become 
evident in the discussion that follows. It is hoped that this report will 
enable the reader to make an intelligent decision as to which stable oscil- 
lator is best suited to his particular needs. 
1 3 3  
11. OPERATING PRINCIPLES 
A. Quar tz  Crys t a l  O s c i l l a t o r s  
Quartz c r y s t a l  o s c i l l a t o r s  are b a s i c a l l y  mechanically v i b r a t i n g  ele- 
ments dr iven  by e l e c t r i c a l  means. 
ope ra t ion  and are capable  of a very high degree of frequency s t a b i l i t y .  
quar tz  o s c i l l a t o r s  belong t o  t h e  same family of o s c i l l a t o r s  as t h e  e l e c t r i c a l l y  
dr iven  tuning f o r k  o s c i l l a t o r ,  but  t h e  unique phys ica l  p r o p e r t i e s  of qua r t z  
g ive  i t  a tremendous advantage over  o t h e r  mechanical o s c i l l a t o r s .  
They are inva r i ab ly  f o r  fixed-frequency 
These 
C r y s t a l l i n e  quar tz  has  g r e a t  mechanical and chemical s t a b i l i t y ,  and a 
very smal l  amount of power is requi red  t o  overcome mechanical l o s s e s  and 
maintain t h e  o s c i l l a t i o n .  
t e m  can be decoupled considerably from t h e  environment. 
p r o p e r t i e s  of c r y s t a l l i n e  quar tz  provide a convenient means of coupling t h e  
mechanical o s c i l l a t i o n s  t o  an e l e c t r i c a l  c i r c u i t .  Thus, an e l e c t r i c  f i e l d  
g ives  rise t o  a mechanical deformation of t h e  c r y s t a l ,  and conversely,  
c r y s t a l  deformation r e s u l t s  i n  su r face  charges on t h e  c r y s t a l  f aces ,  a l lowing 
energy t o  be t ransmi t ted  t o  an e l e c t r i c a l  c i r c u i t .  
A s  a consequence t h e  mechanically o s c i l l a t i n g  sys- 
The p i e z o e l e c t r i c  
, 
I n  use,  a quar tz  c r y s t a l  resonator  is  mechanically supported a t  p o i n t s  
chosen t o  avoid i n h i b i t i n g  t h e  des i r ed  v i b r a t i o n s  and t o  suppress  unwanted 
modes of v i b r a t i o n .  
oppos i te  f a c e s  of t h e  c r y s t a l ,  and an a l t e r n a t i n g  vo l t age  appl ied  ac ross  t h e  
c r y s t a l  causes  i t  t o  v i b r a t e  i n  t h e  des i r ed  manner. A number of d i f f e r e n t  
v i b r a t i o n a l  modes are poss s ib l e  f o r  a p l a t e  of quar tz  inc luding  f l e x u r a l ,  
face-shear,  thickness-shear and o t h e r s .  
c r y s t a l  o s c i l l a t o r s  a f i f t h -ove r tone  th ickness  shear  mode of v i b r a t i o n  is used 
Thin metallic e l e c t r o d e s  are evaporated d i r e c t l y  upon t h e  
I n  t h e  case  of t h e  b e s t  p r e c i s i o n  
i n  which t h e  resonant  frequency i s  e i t h e r  5 MHz o r  2.5 MHz.- 11 
A mathematical a n a l y s i s  of t h e  mechanical o s c i l l a t i o n ,  t ak ing  i n t o  
account t h e  p i e z o e l e c t r i c  coupling mechanism g ives  rise t o  t h e  equiva len t  
c i r c u i t  f o r  t h e  qua r t z  resonator  shown i n  Figure 1. 
rep resen t s  t h e  e l e c t r o s t a t i c  capac i ty  of t h e  quar tz  p l a t e  between t h e  metal 
e l ec t rodes .  
and any energy l o s s e s  through t h e  c r y s t a l  mounts. 
resonance parameters a s soc ia t ed  wi th  t h e  mass and sp r ing  cons tan t  of t h e  
The capac i ty  C1 
The r e s i s t a n c e  R corresponds t o  elastic wave l o s s e s  i n  t h e  c r y s t a l  
The L and C r ep resen t  t h e  2 
1 3 4  
v i b r a t i n g  quartz .  
so t h a t  t h e  Q of t h e  c i r c u i t  is very high ( > l o  ). 
implies  very loose  coupling between t h e  tuned c i r c u i t  and t h e  o t h e r  p a r t s  of 
t h e  o s c i l l a t o r  c i r c u i t .  
through t h e  l i n e a r  expansion c o e f f i c i e n t ,  t h e  v a r i a t i o n  i n  dens i ty  with 
temperature and t h e  v a r i a t i o n  i n  modulus of e l a s t i c i t y  with temperature. 
It i s  poss ib l e  t o  c u t  t h e  c r y s t a l  so t h a t  t h e  o r i e n t a t i o n  of  t h e  c r y s t a l l i n e  
f a c e s  assume any a r b i t r a r y  angle  with r e spec t  t o  t h e  c r y s t a l l i n e  axes. 
choosing t h e  o r i e n t a t i o n  i n  a s u i t a b l e  manner, i t  i s  p o s s i b l e  t o  o b t a i n  a 
very s m a l l  frequency-temperature c o e f f i c i e n t  over  a f a i r l y  wide temperature 
range. 
reduced by p l ac ing  the  c r y s t a l  i n  a w e l l  i n su la t ed  temperature-controlled 
box. 
I n  general  C >>C2, L is  many henr i e s ,  and R i s  very s m a l l ,  
5 1 The high r a t i o  C1/C2 
The resonance frequency depends upon temperature 
By 
The e f f e c t s  of any remaining temperature dependence can be f u r t h e r  
I n  order  t o  ensure o s c i l l a t i o n  s t a b i l i t y  t h e  o s c i l l a t o r  c i r c u i t  ele- 
ments are a l s o  o f t e n  included wi th in  t h e  temperature con t ro l l ed  oven, and 
c a r e  is taken s o  t h a t  t h e  d r i v e  l e v e l  i n  t h e  o s c i l l a t o r  c i r c u i t  is  maintained 
constant  through the  use of negat ive feedback and A.G.C. techniques.  
add i t ion ,  a "buffering" s t a g e  is  added t o  minimize t h e  inf luence of t h e  load 
on t h e  o s c i l l a t i o n s .  
a v a i l a b l e  p rec i s ion  c r y s t a l  o s c i l l a t o r .  A number of c i r c u i t s  have been 
invented f o r  u se  with quartz  c r y s t a l  o s c i l l a t o r s ;  . for  example, Ref. 2 d i s -  
cusses  seve ra l .  
I n  
Figure 2 is  a schematic diagram of a commercially 
"1 
X 
R 
L 
X 
Figure 1. a )  Quartz resonator ,  b) equivalent  c i r c u i t ,  and c )  magnitude and 
phase angle  of impedance. w2 = 11% y w1 = w 2 q .  135 
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B. Passive Atomic Frequency Standards 
General Properties 
In  order t o  eliminate or  reduce the frequency s h i f t  associated with 
the aging-of quartz c rys ta l  osc i l la tors ,  o r  t o  improve the performance of 
such osc i l la tors  i n  non-optimal environments, one i s  led t o  consider the use 
of an atomic osc i l la tor  or  frequency standard. 
resonance, corresponding t o  a t ransi t ion between two atomic or  molecular 
energy levels  is  used as the basic standard of frequency. The resonance 
frequency f 
Planck's constant. 
decoupled from the environment, and thus, even under re la t ively severe 
environmental conditions atomic osc i l la tors  w i l l  exhibit excellent frequency 
s t ab i l i t y  characteristics. 
In  such osc i l la tors ,  an atomic 
is  related to  the energy level  separation by AE = hfo, where h is 
0 
The atomic resonance frequency can be almost completely 
There are two general classes of atomic osc i l la tors  o r  frequency 
standards. 
which a quartz crystal  osc i l la tor  i s  slaved o r  locked t o  the atomic resonance. 
The other, the act ive atomic osc i l la tor  c lass ,  includes the maser osc i l la tors  
i n  which the atomic system is incorporated into a regenerative system. 
systems do not require a quartz osc i l la tor  as they are self-oscillating a t  
the atomic resonance frequency. 
standards are discussed. 
One, which we sha l l  cal l  passive, includes those standards i n  
Such 
In t h i s  section the passive atomic frequency 
In  order for  a passive atomic frequency standard t o  improve upon the 
s t a b i l i t y  of c rys ta l  osc i l la tors  the sensing system linking the atomic 
resonance t o  the c rys ta l  osc i l la tor  and the resonance i t s e l f  should exhibit 
several character is t ics .  
reproduced such as would be observed 
a t  the output of an atomic resonance 
detection system as the input fre- 
quency to  the detection system is 
slowly swept through the resonance. 
When the input frequency is a t  
resonance center, f (or a lso f a r  
from resonance) the output signal is 
zero except f o r  noise. A s  the  input 
In  Figure 3 a "differentiated" resonance signal is 
0' 
frequency deviates s l igh t ly  from fo,  f0 
Figure 3.  Typical Control Signal. 137 
t h e  output  e i t h e r  i nc reases  
dev ia t ion  6f i s  p o s i t i v e  o r  
o r  decreases  depending upon whether t h e  frequency 
negat ive.  The magnitude of t h e  output  s i g n a l  
corresponding t o  a d e v i a t i o n  6f i s  6f*S/Af. 
from t h e  f i g u r e  t h a t  t h e r e  i s  a minimum 6f = 6fmin t h a t  can be de t ec t ed ,  and 
t h a t  t h i s  minimum is  determined by t h e  magnitude of t h e  n o i s e  N. Thus, when 
t h e  output  s i g n a l  is approximately equal  t o  t h e  n o i s e  i t  is impossible t o  
(See F igure  3 ) .  It is  evident  
d i s c e r n  whether i n  f a c t  a frequency d e v i a t i o n  e x i s t s .  Thus: 6fminS/Af N 
- def ines  Gfmin. Thus Gfmin = Af/(S/N), o r  i n  f r a c t i o n a l  terms, Gfmin/fo - 
Af/fo(S/N). It is  evident  t h a t  f o r  good con t ro l  6f / f  should be small. 
This  r e q u i r e s  t h a t  t h e  atomic resonance width Af, o r  more p a r t i c u l a r l y  Af/f 
should be s m a l l ,  and t h a t  t h e  method of  de t ec t ing  t h e  c o n t r o l l i n g  atomic 
resonance should e x h i b i t  a l a r g e  S/N r a t i o .  
min o 
0 
Quantum P r o p e r t i e s  of A l k a l i  Atoms 
The two most commonly used pass ive  atomic frequency s tandards  are t h e  
cesium atomic beam s tandard  and t h e  rubidium gas c e l l  frequency s tandard.  
Both types  are manufactured f o r  commercial s a l e  and both e x h i b i t  good f r e -  
quency s t a b i l i t y .  
devices  it is i n s t r u c t i v e  t o  examine t h e  atomic energy l e v e l  diagram charac te r -  
i s t i c  of t h e  a lka l i  metals. Rubidium and cesium are both members of t h i s  c l a s s  
of metals which inc ludes  those  atoms having a s i n g l e  e l e c t r o n  o u t s i d e  of a 
closed s h e l l  noble-gas conf igura t ion .  
potassium, and sodium. 
b u i l t  i n  1958.) 
Before d i scuss ing  t h e  bas i c  opera t ing  p r i n c i p l e s  of t h e s e  
Other a l k a l i  metals inc lude  l i t h ium,  
( A l abora to ry  model sodium frequency s tandard w a s  
F igure  4 i s  an energy l e v e l  diagram f o r  rubidium which i s  c h a r a c t e r i s t i c  
of t h e  energy l e v e l  s t r u c t u r e  of a l l  t h e  a l k a l i  m e t a l  atoms. 
f e a t u r e s  of t h e  energy l e v e l  diagram c h a r a c t e r i z e  t h e  permit ted energy con- 
f i g u r a t i o n s  of t h e  s i n g l e  e l e c t r o n  i n  a s p h e r i c a l l y  symmetrical e l e c t r o s t a t i c  
p o t e n t i a l .  
pe r tu rba t ionso f  t h i s  energy. 
levels is due t o  so-cal led LS o r  s p i n  o r b i t  i n t e r a c t i o n  between t h e  o r b i t a l  
motion of t h e  e l e c t r o n  and t h e  c h a r a c t e r i s t i c  s p i n  of t h e  e l e c t r o n .  Classi- 
c a l l y  i t  can be looked upon as due t o  t h e  energy of i n t e r a c t i o n  of t h e  magnetic 
moment a s soc ia t ed  wi th  t h e  e l e c t r o n  s p i n  and t h e  magnetic f i e l d  seen by t h e  
e l e c t r o n  due t o  i t s  o r b i t a l  motion around t h e  c e n t r a l  electrical charge. 
The g ross  
The s m a l l  dev ia t ions  from t h e  g ross  s t r u c t u r e  are due t o  small 
3/2’ 5p1/~ The energy sepa ra t ion  between t h e  5P 
The 
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Figure 4. Atomic Energy Level Diagram for Rubidium Atom 
s t r o n g e s t  o p t i c a l  
t hose  coming from 
s p e c t r a l  l i n e s  f o r  rubidium and f o r  t h e  o t h e r  a l k a l i s  are 
t r a n s i t i o n s  between t h e  5P and 5P states and t h e  
112 312 
55 
D l i n e s  and f o r  rubidium they are 7947 A and 7800 A. 
t h e s e  D l i n e s  are a t  t h e  wavelength of 5890 A, and produce the c h a r a c t e r i s t i c  
yellow sodium l i g h t .  The resonance i n  which w e  are i n t e r e s t e d  f o r  u s e  with 
t h e  atomic frequency s tandard corresponds t o  a n  energy level s e p a r a t i o n  n o t  
shown i n  t h i s  f i g u r e .  
with an energy s e p a r a t i o n  ranging from 228.2 Mc f o r  l i t h i u m  6 t o  9193 M c  
f o r  cesium 133. 
a f u r t h e r  level s p l i t t i n g  which t a k e s  p l a c e  i n  t h e  presence o f  a weak magnetic 
f i e l d .  
due t o  t h e  energy of i n t e r a c t i o n  between t h e  e l e c t r o n  s p i n  magnetic moment 
and t h e  nuc lea r  s p i n  magnetic moment. One energy s ta te  corwponds t o  t h e  
case when t h e  two magnetic moments are p a r a l l e l  and t h e  o t h e r  t o  t h e  case 
when t h e  two moments are a n t i p a r a l l e l .  The l a b e l s  F = 2 and F = 1 i n  t h e  
f i g u r e  are c h a r a c t e r i s t i c  of t h e  rubidium 87 case and are l a b e l s  i n d i c a t i n g  
t h e  t o t a l  angular  momentum of t h e  e l e c t r o n  s p i n  and nuc lea r  spin.  When t h e  
nuclear  s p i n  angular  momentum of 312 i s  p a r a l l e l  with t h e  e l e c t r o n  s p i n  
momentum of 112, t h e  t o t a l  s p i n  angular  s p i n  momentum of F = 2 is  obtained.  
When they are a n t i p a r a l l e l  t h e  t o t a l  s p i n  angular  momentum F = 1 is obtained.  
I n  t h e  presence of an e x t e r n a l  magnetic f i e l d  t h e  t o t a l  s p i n  magnetic moment 
a s soc ia t ed  wi th  t h e  coupling of t h e  ind iv idua l  e l e c t r o n  and nuc lea r  magnetic 
moments may assume d i f f e r e n t  p o s i t i o n s  with r e spec t  t o  t h e  magnetic f i e l d ,  
and each p o s i t i o n  g ives  rise t o  a s l i g h t l y  d i f f e r e n t  energy. 
d i f f e r e n t  l e v e l s  l abe led  % correspond t o  t h e s e  d i f f e r e n t  energies .  
“r;. = +2 t h e  p a r a l l e l  combination of  angular  momenta is al igned p a r a l l e l  t o  
t h e  app l i ed  f i e l d  and when 5 = -2 t h e  angu la r  momentum combination is  a n t i -  
p a r a l l e l  t o  t h e  app l i ed  magnetic f i e l d .  
i n  Figure 5 f o r  u se  i n  atomic frequency s t anda rds  i s  t h a t  between t h e  F = 2, 
% = 0 and t h e  F = 1, % = 0 levels. 
energy level sepa ra t ion ,  and hence, t h e  frequency of  t h e  resonance i s  
v i r t u a l l y  independent of t h e  appl ied magnetic f i e l d  s t r e n g t h  when t h i s  magnetic 
f i e l d  s t r e n g t h  is s m a l l ,  and e x h i b i t s  only a q u a d r a t i c  dependence upon t h e  
f i e l d  s t r e n g t h .  
ground o r  lowest energy state. These s p e c t r a l  l i n e s  are t h e  so-called 
112 
I n  t h e  case of sodium 
The 5s ground energy s ta te  of  t h e  a l k a l i s  is  s p l i t  
1 /2  
Figure 5 shows t h i s  s p l i t t i n g  f o r  rubidium 87 and i n d i c a t e s  
The zero f i e l d  hyperf ine s p l i t t i n g ,  as t h i s  s p l i t t i n g  is c a l l e d ,  is 
Thus, t h e  
When 
The t r a n s i t i o n  of s p e c i a l  importance 
It i s  seen from t h e  f i g u r e  t h a t  t h e  
For t h i s  reason t h e  t r a n s i t i o n  i s  o f t e n  r e f e r r e d  t o  as t h e  
140 
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Figure 5. Split t ing of lowest energy state of rubidium 87 atom 
with applied external magnetic f ie ld .  
TABLE 1 
CJlARACTERISTICS OF ALKALI METALS AND HYDROGEN 
QUADRATIC 
fo = RESONANT FREQUENCY, MAGNETIC TERM NUCLEAR 
MHz Hz SPIN 
,. 
1420.406 
1771.6 
461.72 
254.02 
3035.7 
6834.68 
9192.7 
+ 2750 BL 11 2 
+ 2210 B2 312 
+ 8500 B2 312 
312 
+ 1290 B2 512 
+ 573 B2 312 
+ 427 B2 712 
2 +15,400 B 
SUBLEVELS 
4 
8 
8 
8 
1 2  
8 
16 
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field-independent hyperf ine t r a n s i t i o n .  A sm11 magnetic f i e l d  i s  thus  seen 
t o  be needed t o  r e s o l v e  t h e  energy l e v e l s  of i n t e r e s t  from t h e  o t h e r  l e v e l s ,  
but i t  must b e  s m a l l  enough so t h a t  one ope ra t e s  nea r  t h e  ze ro  s l o p e  po r t ion  
of t h e  curves. 
f requencies  f o r  t h e  i s o t o p e s  of t h e  a l k a l i  metals and hydrogen. Also t abu la t ed  
are t h e  corresponding nuc lea r  s p i n  angular  momenta and t h e  number of sub leve l s  
i n t o  which t h e  hyperf ine l e v e l s  s p l i t  i n  t h e  presence of  a magnetic f i e l d .  
The number of sub leve l s  i s  given by q u a n t i t y  2(2I + 1) where I i s  t h e  nuclear  
spin.  
Table 1 con ta ins  a l i s t  of t h e  zero f i e l d  hyperf ine resonance 
1. Rubidium Gas C e l l  Atomic Frequency Standard 
General Operation 
L e t  u s  now examine t h e  ope ra t ion  of t h e  rubidium gas cel l  s tandard.  
Figure 6 is  a f u n c t i o n a l  diagram of t h i s  dev ice  and shows t h e  c r y s t a l  o s c i l -  
l a t o r  which is  s laved t o  t h e  rubidium resonance frequency. 
t h e  device is t h e  u n i t  containing t h e  rubidium lamp, f i l t e r  ce l l ,  c a v i t y ,  gas 
ce l l  and photosensor. 
con t ro l  t h e  c r y s t a l  o s c i l l a t o r .  The remaining blocks are c i r c u i t  elements 
used t o  l i n k  t h e  c r y s t a l  t o  t h e  rubidium atoms. 
The h e a r t  of 
The gas c e l l  con ta ins  t h e  rubidium atoms used t o  
The ope ra t ion  of t h e  device i s  b r i e f l y  as fol lows.  The output  of t h e  
c r y s t a l  o s c i l l a t o r  (an exact  subharmonic of t h e  rubidium resonance frequency) 
i s  mul t ip l i ed  t o  a h ighe r  frequency and frequency modulated a t  an audio 
frequency. 
a harmonic generat ing c r y s t a l ,  and s u f f i c i e n t  o s c i l l a t i n g  magnetic f i e l d  
s t r e n g t h  is  generated w i t h i n  t h e  c a v i t y  t o  couple t o  t h e  magnetic moments of 
t h e  rubidium atoms a t  t h e  atomic resonance frequency. 
monitored by observing t.he i n t e n s i t y  of t h e  l i g h t  t r ansmi t t ed  through t h e  
gas cell .  A t  resonance t h i s  i n t e n s i t y  goes through a minimum. Since t h e  
s i g n a l  e x c i t i n g  t h e  atoms i s  frequency modulated a t  a n  audio frequency, a n  
audio s i g n a l  is  picked up by the  photodetector .  This  audio s i g n a l  is  
amplif ied and compared with t h e  modulation o s c i l l a t o r  i n  t h e  phase d e t e c t o r .  
The ou tpu t  of t h e  d e t e c t o r  has a waveform of t h e  type shown i n  Figure 3 ,  i .e . ,  
it is p o s i t i v e  on one s i d e  of resonance, nega t ive  on t h e  o t h e r ,  and zero a t  
resonance. Th i s  c o n t r o l  v o l t a g e  is appl ied t o  a v a r i a b l e  c a p a c i t o r  i n  t h e  
c r y s t a l  o s c i l l a t o r  c i r c u i t  t o  maintain t h e  o s c i l l a t o r  a t  t h e  exact subharmonic 
frequency of t h e  atomic resonance. 
Th i s  s i g n a l  i s  suppl ied t o  t h e  microwave resonant  c a v i t y  through 
The atomic resonance is 
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L e t  us  examine 
t h e  f a c t o r s  a f f e c t i n g  
t h e  
t h e  
processes  occurr ing  i n  t h e  gas  ce l l  t o  determine 
s igna l -noise  r a t i o  and t h e  resonance width. The 
s t r e n g t h  of t h e  atomic resonance c o n t r o l  s i g n a l  is p ropor t iona l  t o  t h e  
quan t i ty  n 
l e v e l s  involved i n  t h e  resonance t r a n s i t i o n .  
r ep resen t  t h e  number of atoms i n  t h e  F = 1, % = 0 subleve l ,  and n2 would 
r ep resen t  t h e  number of t h e  F = 2 ,  % = 0 subleve l  (See Figure 5).  
"op t i ca l  pumping" a c t i o n  of t h e  rubidium lamp se rves  t o  make t h e  c o n t r o l  
s i g n a l  l a r g e r  by making n2 l a r g e r  than n This pumping and t h e  a s soc ia t ed  
o p t i c a l  d e t e c t i o n  process  r e s u l t  i n  t h e  e x c e l l e n t  s i g n a l / n o i s e  r a t i o  of gas  
cel l  frequency s tandards ,  and are discussed i n  t h e  following paragraphs.  
- n2 which i s  the  d i f f e r e n c e  i n  t h e  number of atoms i n  t h e  two 1 
Thus, f o r  Rb87, nl would 
The 
1' 
Opt i ca l  Pumping and Detect ion 
Suppose t h a t  t h e  f i v e  subleve ls  included i n  t h e  F = 2 l e v e l  are 
i l lumina ted  wi th  l i g h t  of wavelength A 2 
one of t h e  P states t o  the  F = 2 sub leve l s  of t h e  ground state, and t h a t  t h e  
F = 1 sub leve l s  are i l lumina ted  with l i g h t  of t h e  s l i g h t l y  d i f f e r e n t  wave- 
l eng th  A1 corresponding to  t r a n s i t i o n s  from t h e  same exc i t ed  P state t o  t h e  
F = 1 sub leve l s  of t h e  ground state. (See Figure 7 - l e f t  h a l f ) .  I f  i t  
were poss ib l e  t o  f i l t e r  ou t  e i t h e r  one of t h e  components, A l  o r  A 2 ,  one would 
ob ta in  very e f f e c t i v e  o p t i c a l  pumping ac t ion .  
happen were it  p o s s i b l e  t o  e l imina te  t h e  A 
t i o n .  The atoms i n  t h e  f i v e  F = 2 subleve ls  a r e  capable  of absorbing the  
1;ight of wavelength A 2  and would be exc i t ed  t o  one of t h e  exc i t ed  P states. 
From t h i s  exc i t ed  P state they decay spontaneously i n  a matter of 10  
seconds wi th  remission of l i g h t  and would f a l l  back i n t o  one of t h e  e i g h t  
subleve ls  of t h e  F = 2 o r  F = 1 l e v e l s .  I n  genera l ,  they w i l l  e n t e r  any 
of t he  e i g h t  sub leve l s  with equal  p r o b a b i l i t y .  The atoms present  i n  t h e  
t h r e e  F = 1 subleve ls  are not  o p t i c a l l y  exc i ted  t o  an upper energy l e v e l  
s i n c e  t h e  A r a d i a t i o n  e x c i t i n g  them t o  t h e  higher  s ta te  has been f i l t e r e d  
ou t .  Thus, atoms are being pumped i n t o  t h e  F = 1 sub leve l s  through t h e  
a c t i o n  of t h e  l i g h t  of wavelength X 2 ,  but they are not being pumped out  of 
t h e  F = 1 subleve ls  s i n c e  t h e r e  i s  no l i g h t  of wavelength A p resent .  A s  a 
consequence, under t h e  inf luence  of t h e  A 2  l i g h t  a lone  a l l  of t h e  atoms i n  
c h a r a c t e r i s t i c  of t h e  t r a n s i t i o n  from 
L e t  u s  consider  what would 
component from t h e  o p t i c a l  r ad ia -  l 
-8 
1 
1 
t h e  con ta ine r  i l lumina ted  by t h i s  l i g h t  w i l l  soon be i n  t h e  t h r e e  F = 1 sub leve l s .  
' 
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Through t h e  in f luence  of t h i s  a c t i o n  we  have t h u s  populated t h e  F = 1, 
m 
doing w e  have increased t h e  d i f f e r e n c e  (n 
ence between t h e s e  levels u n t i l  it is  now equal  t o  1 / 3  t h e  t o t a l  number of 
atoms present  i n  t h e  ce l l .  
p e t e  with what are c a l l e d  thermal r e l a x a t i o n  processes  which i n  t h e  absence 
of t h e  l i g h t  would r e s t o r e  t h e  populat ions of t h e  sub leve l s  t o  t h e  va lues  
determined by t h e  Boltzmann equation. 
is  made s u f f i c i e n t l y  i n t e n s e  t h e  o p t i c a l  pumping a c t i o n  can be  made t h e  
dominant process  and t h e  populat ion d i f f e r e n c e  can be made t o  approach t h e  
i d e a l  j u s t  obtained.  
= 0 sublevel  and completely emptied t h e  F = 2, mF = 0 sub leve l ,  and i n  so F 
- n2) which is t h e  populat ion d i f f e r -  1 
I n  p r a c t i c e  t h e  o p t i c a l  pumping a c t i o n  must com- 
However, i f  t h e  o p t i c a l  pumping l i g h t  
The o p t i c a l  d e t e c t i o n  process  can now be  e a s i l y  understood. Under t h e  
a c t i o n  of microwave energy having a frequency equal  t o  t h a t  of t h e  atomic 
resonance, atoms i n  t h e  s ta te  F = 1, mF = 0 w i l l  be induced to'make t r a n s i -  
t i o n s  t o  t h e  state F = 2,  % = 0. ( I f  t h e  s t r e n g t h  of  t h i s  e lectromagnet ic  
r a d i a t i o n  i s  s u f f i c i e n t l y  g r e a t  t h e  r e s u l t  w i l l  be t o  equa l i ze  t h e  populat ions 
of t h e s e  two sub leve l s  and t h e  number of t r a n s i t i o n s  from state 1 to  state 2 
w i l l  equal  t he  number of t r a n s i t i o n s  from s t a t e  2 t o  state 1.) 
t h e  microwave energy is  present  t h e  d i f f e r e n c e  (n - n ) is a l t e r e d  and t h e r e  
are now atoms p resen t  i n  t h e  F = 2 ,  mF = 0 l e v e l  where they can absorb t h e  
pumping l i g h t  a t  wavelength X When t h e  microwave energy a t  t h e  resonance 
frequency is turned on, t h e  amount of pumping l i g h t  a t  wavelength X t rans-  2 
mitted through t h e  ce l l  w i l l  decrease s i n c e  more of t h e  l i g h t  is absorbed 
by t h e  atoms i n  t h e  ce l l .  
thus measures t h e  number of atoms present  i n  state 2 and monitors t h e  a c t i o n  
of t h e  microwave s i g n a l .  
through t h e  resonant frequency t h e  l i g h t  t ransmit ted through t h e  c e l l  w i l l  
e x h i b i t  t h e  c h a r a c t e r i s t i c  resonant l i n e  shape, and w i l l  have a minimum when 
t h e  microwave frequency corresponds t o  t h e  atomic resonant frequency. 
Thus, when 
1 2  
2' 
The amount of l i g h t  t ransmit ted through t h e  c e l l  
I f  t h e  microwave s i g n a l  is  slowly swept i n  frequency 
We now t u r n  t o  t h e  quest ion of how one accomplishes t h e  f i l t e r i n g  of 
2 '  t h e  pumping l i g h t  which p e r m i t s  u s  t o  pump with only l i g h t  of wavelength X 
Figure 7 a l s o  shows t h e  p o s i t i o n  of t he  hyperf ine l e v e l s  i n  t h e  ground s t a t e  
of  t h e  isotope rubidium 85. The wavelengths connecting these  l e v e l s  l abe led  
F = 3 and F = 2 are designated A $  and Xi. It is  noted t h a t  t h e  c e n t e r  
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Figure 7 .  Schematic diagram, optical pumping of rubidium atoms. 
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Figure 8 .  Emission spectrum from rubidium lamp containing 
natural rubidium (72% Rb85, 28% Rb87). 
p o s i t i o n  of t t e  rubidium 85 l e v e l s  i s  s h i f t e d  with respec t  t o  the  cen te r  
p o s i t i o n  of t h e  rubidium 8 7  l e v e l s .  Figure 8 shows t h e  spectrum obtained 
from a n a t u r a l  i s o t o p i c  mixture of rubidium atoms i n  which approximately 
72% of t h e  atoms are rubidium 85 atoms and 28% are rubidium 87 atoms. It 
i s  seen t h a t  t h e  X; component of l i g h t  produced from t h e  rubidium 85 atoms 
over laps  t h e  X2 component from t h e  rubidium 87 atoms and t h a t  t he  A '  com- 
ponent s i m i l a r l y  over laps ,  but t o  a lesser degree,  t h e  X component. This  
d i f f e r e n c e  i n  t h e  degree of t he  over lap  provides  a means of ob ta in ing  t h e  
d i f f e rence  i n  i n t e n s i t y  of t h e  X and X components necessary f o r  o p t i c a l  2 1 
pumping ac t ion .  I f  a c e l l  containing rubidium 87 atoms is i l luminated with 
l i g h t  from a lamp conta in ing  only rubidium 85 atoms t h e r e  is  s u f f i c i e n t  
over lap  of t h e  A; component of t h e  X 
capable  of e x c i t i n g  rubidium 87 atoms i n  the  F = 2 subleve ls  t o  t h e  o p t i c a l l y  
exc i ted  s ta te .  Since t h e  X i  component emitted by t h e  rubidium 85 lamp over- 
l a p s  t h e  p o s i t i o n  t h e  X component of t h e  spectrum t o  a lesser degree,  t h e r e  
w i l l  be  r e l a t i v e l y  l i t t l e  e x c i t a t i o n  of t h e  rubidium 87 atoms from the  F = 1 
subleve ls .  Thus, t h e  d i f f e r e n t i a l  pumping a c t i o n  des i r ed  by which atoms are 
pumped ou t  of t h e  F = 2 subleve ls  but no t  ou t  of t h e  F = 1 subleve ls  can be 
obta ined  by using a rubidium 85 lamp t o  pump t h e  rubidium 8 7  atoms. Alter- 
n a t i v e l y ,  i t  is poss ib l e  t o  ob ta in  the  r eve r se  type of pumping by p lac ing  a 
f i l t e r  c e l l  conta in ing  rubidium 85 atoms i n  f r o n t  of a rubidium 87 lamp. 
t h e  temperature of the f i l t e r  c e l l  and t h e  lamp are s u i t a b l y  ad jus ted ,  t h e  
f i l t e r  ce l l  w i l l  absorb t h e  X2 componqt of l i g h t  from t h e  rubidium 87 lamp, 
leav ing  only t h e  X1 component. 
1 
1 
component t h a t  t h e  A '  component i s  2 2 
1 
I f  
From t h i s  b r i e f  d i scuss ion  of t h e  o p t i c a l  pumping and o p t i c a l  detec- 
t i o n  process  i n  rubidium 87 we  have seen how these  techniques are use fu l  i n  
enhancing t h e  populat ion d i f f e r e n c e  between t h e  two l e v e l s  involved i n  t h e  
atomic resonance, and how t h e  microwave resonance can be monitored through 
observing t h e  t ransmiss ion  of t h e  pumping l i g h t  through t h e  gas  cel l .  
Resonance Width and Frequency S h i f t s  
L e t  us  now examine t h e  f a c t o r s  determining t h e  width of t h e  atomic 
resonance, Af, and any frequency s h i f t i n g  mechanisms. We have seen earlier 
t h a t  i t  is important t o  have a small Af f o r  c o n t r o l  purposes. 
of Af depends upon t h e  l eng th  of  t i m e  T ,  t h a t  t h e  resonat ing  atoms spend, 
The magnitude 
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on the  average, i n t e r a c t i n g  with t h e  o s c i l l a t i n g  microwave f i e l d ,  and t h e  
apparent frequency t h a t  t h e  atoms "see." It is  evident  t h a t  a f a s t  mGving 
atom w i l l  experience a doppler s h i f t  and w i l l  i n t e r a c t  most s t rong ly  with a 
microwave f i e l d  s h i f t e d  s l i g h t l y  from t h e  resonant frequency c h a r a c t e r i s t i c  
of a s t a t i o n a r y  atom. The f a c t  t h a t  t h e r e  is a d i s t r i b u t i o n  of atomic velo- 
c i t i e s  i n  a b o t t l e  containing rubidium atoms g ives  rise t o  a broadening of 
t h e  resonance width. 
of Rb87 a t  room temperature. By adding a buf fer  gas  of neon, argon o r  a 
mixture of s eve ra l  such noble gases ,  t h e  normal high speed thermal motion of 
t h e  rubidium atoms is  reduced t o  a slow d i f f u s i o n  and t h e  doppler broadening 
is  reduced t o  a value more nea r ly  100 Hz. A s  a consequence, t h e  l i n e  width 
A f  i s  almost completely determined by t h e  i n t e r a c t i o n  t i m e  T which i s  t h e  
mean t i m e  between c o l l i s i o n s  which remove the  atom from t h e  resonat ing  
energy s ta te .  Co l l i s ions  between rubidium atoms, c o l l i s i o n s  with t h e  w a l l ,  
and absorpt ion of t h e  pumping l i g h t  a l l  i n t e r r u p t  t h e  i n t e r a c t i o n  wi th  t h e  
microwave r a d i a t i o n  and g ive  rise t o  a l i n e  width of t h e  o rde r  of 200-400 
cycles  a t  normal opera t ing  temperatures (-38OC.). 
This "doppler width" is  9 KHz f o r  t h e  atomic resonance 
Co l l i s ions  with the  bu f fe r  gases  are not  i n t e r r u p t i v e  s ince  t h e  bu f fe r  
gas i s  not  magnetic, but such bu f fe r  c o l l i s i o n s  d i s t o r t  t h e  atoms s l i g h t l y  
and g ive  rise t o  a frequency s h i f t  o r  o f f s e t ,  which is propor t iona l  t o  t h e  
7 amount of bu f fe r  added t o  t h e  gas  ce l l  and i s  t y p i c a l l y  3 p a r t s  i n  1 0  o r  
severa l  KHz. I n  addi t ion ,  t h e  presence of t he  b u f f e r  gas  in t roduces  a 
temperature dependent s h i f t  which is  a l s o  propor t iona l  t o  t h e  amount of b u f f e r  
gas. By mixing several noble gases  it  i s  poss ib l e  t o  minimize these  bu f fe r  
s h i f t s  since t h e  magnitude and s i g n  of t h e  bu f fe r  s h i f t  and a s soc ia t ed  tempera- 
t u r e  dependence i s  d i f f e r e n t  f o r  d i f f e r e n t  b u f f e r  gases .  The presence of 
t h e  pumping l i g h t  a l s o  pe r tu rbs  t h e  atomic energy levels  s l i g h t l y  and t h e  
pe r tu rba t ion  depends upon t h e  spectrum and i n t e n s i t y  of t h e  pumping l i g h t .  
For t h e  commerical rubidium s tandards  t h e  t y p i c a l  frequency s h i f t  is  of t h e  
order  of 50 Hz. 
Summary 
The o p t i c a l l y  pumped rubidium gas  ce l l  i s  seen t o  e x h i b i t  t h e  f e a t u r e s  
requi red  i n  a pass ive  frequency s tandard ,  namely a good signal-to-noise r a t i o  
and a narrow resonance l i n e  width. We w i l l  see la ter  t h a t  gas  c e l l  frequency 
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s t anda rds  e x h i b i t  good frequency s t a b i l i t y  and can be q u i t e  compact i n  s ize .  
These s t anda rds  must be c a l i b r a t e d  aga ins t  o t h e r  s tandards because of  t h e  
b u f f e r  s h i f t  and pumping l i g h t  i n t e n s i t y  s h i f t ,  but  once c a l i b r a t e d  remain 
q u i t e  s t a b l e .  
2. The Cesium Atomic Beam Frequency Standard 
General Operation 
The ope ra t ion  of t he  cesiumatomic beam frequency s tandard can be 
understood i n  terms of t he  func t iona l  diagram i n  Figure 9. This  diagram is 
seen  t o  be n e a r l y  i d e n t i c a l  with Figure 6, t h e  diagram f o r  t h e  rubidium 
s t anda rd .  
of Figure 6. It i s  a l s o  noted t h a t  t h e  qua r t z  o s c i l l a t o r  i n  Figure 9 i s  
ope ra t ed  a t  a frequency of 5 MHz and i s  no t  an exact subharmonic of t h e  Cs133 
resonance frequency 9192.631770 MHz. A frequency syn thes i ze r  i s  thus  required 
t o  gene ra t e  12.631 MHz which i s  added t o  t h e  9180 MHz s i g n a l  obtained by 
m u l t i p l i c a t i o n  from t h e  c r y s t a l .  It is p o s s i b l e  t o  ope ra t e  t h e  cesium dev ice  
us ing  a c r y s t a l  which is  an exact subharmonic of t h e  resonance frequency and 
avoid t h e  use of t h e  syn thes i ze r  i n  t h e  main c o n t r o l  loop. 
The cesium beam resonator  has replaced t h e  microwave o p t i c a l  u n i t  
Cesium B e a m  Resonator 
L e t  u s  examine t h e  ope ra t ion  of t h e  cesium beam resona to r  t o  determine 
t h e  parameters a f f e c t i n g  t h e  signal-noise r a t i o  and t h e  resonance width, A f .  
W e  recal l  t h a t  t h e  S/N r a t i o  f o r  t h e  gas ce l l  device w a s  determined by t h e  
o p t i c a l  pumping and de tec t ion ,  and t h e  width Af by t h e  mean t i m e  between 
rubidium d i s o r i e n t i n g  c o l l i s i o n s .  
A schematic of t h e  cesium beam resona to r  apparatus  i s  shown i n  
F igu re  10. 
and t h e  d i r e c t e d  motion is due t o  t h e  thermal t r a n s l a t i o n a l  energy of  t h e  
atoms. 
a d i s t r i b u t i o n  about t h i s  mean. 
t o  those  i n  Figure 4 and 5, but s i n c e  t h e  nuc lea r  s p i n  i s  7/2 vs. 3/2 f o r  
Rb87, t h e  ground state is  cha rac t e r i zed  by t h e  t o t a l  momentum quantum numbers 
A col l imated beam of Cs133 atoms is  generated i n  t h e  cesium oven, 
Such a beam of  thermal atoms is  cha rac t e r i zed  by a mean v e l o c i t y  and 
Cs133 has an energy level diagram similar 
F = 4 and F = 3 .  Accordingly, t h e s e  l e v e l s  s p l i t  i n t o  9 and 7 sub leve l s  
r e spec t ive ly  i n  a weak magnetic f i e l d ,  For s t ronge r  magnetic f i e l d s  t h e  
curves again extend as shown i n  Figure 5 wi th  a group of 8 sub leve l s  i nc reas ing  
9192.631.. .Mc 
Figure 9. Functional block diagram, cesium atomic beam frequency 
standard (Hewlett Packard, Model 5060A). 
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Figure 10. Schematic diagram of atomic beam resonator. The C field 
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i n  energy with f i e l d  and a group of 8 sub leve l s  decreasing i n  energy. The 
magnetic moment a s soc ia t ed  with t h e s e  two groups i s  e i t h e r  + p o r  - uo, 
0 
where p i s  t h e  magnetic moment of  a f r e e  e l e c t r o n .  
beam coming from t h e  oven through a s t rong  magnetic f i e l d  ( t h e  A magnet) hav- 
ing a f i e l d  g r a d i e n t ,  t h e  beam w i l l  s p l i t  i n t o  two components, corresponding 
t o  t h e  two magnetic moments, as each group w i l l  experience an equal  and 
By d i r e c t i n g  t h e  atomic 
0 
oppos i t e  f o r c e  from t h e  f i e l d  g rad ien t .  
l abe led  by F = 4 and m = 4 ,  3,  2, 1, 0 ,  -1, -2, -3 w i l l  be  d e f l e c t e d  i n  one 
d i r e c t i o n ,  and t h e  remaining e i g h t  sub leve l s  d e f l e c t e d  i n  t h e  oppos i t e  d i r ec -  
t i on .  
I n  p a r t i c u l a r ,  atoms i n  t h e  levels 
F 
Those atoms i n  t h e  p a r t i c u l a r  sub leve l  F = 4 ,  mF = 0 are, of course,  
t h e  ones of i n t e r e s t  s i n c e  we  are aga in  i n t e r e s t e d  i n  t h e  f i e l d  independent 
t r a n s i t i o n .  
t h e  region of t h e  A magnet, t h e  atoms e n t e r  a region of s m a l l  magnetic f i e l d ,  
t h e  C magnet, and are allowed t o  e n t e r  t h e  resonant c a v i t y  t o  i n t e r a c t  with 
t h e  microwave f i e l d .  I f  t h e  microwave f i e l d  i s  i n  resonance with t h e  atomic 
resonance frequency a number of atoms w i l l  " f l i p "  o r  be induced t o  make a 
t r a n s i t i o n  t o  t h e  F = 3 ,  m = 0 state. 
d i r e c t e d  by the  B magnet t o  t h e  d e t e c t o r .  The B magnet ope ra t e s  i n  t h e  same 
manner as the  A magnet, spl i t t ing t h e  beam i n t o  two groups again.  The 
d e t e c t o r  c o n s i s t s  of a hot w i r e  i o n i z e r  (which se rves  t o  g ive  the  cesium atoms 
a p o s i t i v e  charge) a mass spectrometer and an e l e c t r o n  m u l t i p l i e r .  The output  
of t h e  beam tube is  t h e  output  cu r ren t  of t h e  m u l t i p l i e r .  The resonance 
curve of  t h e  cesium beam resonator  is  shown i n  t h e  i n s e t  of Figure 9. (More 
a c c u r a t e l y  when t h e  frequency microwave s i g n a l  i s  modulated a t  an audio rate, 
t h e  output  cu r ren t  of t h e  m u l t i p l i e r  w i l l  be a n  audio frequency s i g n a l ,  and 
t h e  phase d e t e c t o r  output  w i l l  resemble t h e  d e r i v a t i v e  of t h e  resonance 
curve of Figure 9, s imilar  i n  n a t u r e  t o  Figure 3 . )  
(See Table 1 f o r  f i e l d  dependence of frequency).  Af t e r  l eav ing  
Atoms making such a " f l i p "  w i l l  be F 
Comparing with t h e  rubidium gas ce l l  device w e  see t h a t  t h e  s i g n a l  is 
aga in  p ropor t iona l  t o  n 
m = 0 atoms have been removed from t h e  atomic beam. The s i g n a l  s t r e n g t h  i s  
t h u s  p ropor t iona l  t o  n 
i n  t h e  col l imated beam emanating from t h e  oven. The more i n t e n s e  t h e  atomic 
beam t h e  g r e a t e r  t h e  resonance s i g n a l .  A g r e a l  d e a l  of e f f o r t  has gone i n t o  
- nl, but  he re  nl = 0, s i n c e  a l l  of t h e  F = 3 ,  
F 
which is approximately 1 /16  t h e  number of atoms, n, 2 
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t h e  design of magnets A and B t o  o b t a i n  b e t t e r  beam o p t i c s  maFInp: u s e  of a 
g r e a t e r  s o l i d  ang le  of atoms from t h e  oven. 
beam c u r r e n t s  are p ropor t iona l  t o  16 , so t h a t  t h e  SIN r a t i o  w i l l  be propor- 
t i o n a l  t o  A7 . 
The s ta t i s t ica l  f l u c t u a t i o n  i n  
Resonance Width 
The resonance l i n e  width, Af,depends upon t h e  q u a n t i t y  s / L ,  where L 
i s  t h e  l e n g t h  of t h e  microwave i n t e r a c t i o n  region and 
v e l o c i t y  of t h e  atoms i n  t h e  beam. 
resonance shown i n  Figure 9 r e s u l t s  from t h e  use of two s h o r t  i n t e r a c t i o n  
regions separated by l eng th  L r a t h e r  than a s i n g l e  long i n t e r a c t i o n  region.  
The r e s u l t  is  a narrower resonance width, but some care must be  used t o  
avoid locking t h e  c r y s t a l  o s c i l l a t o r  t o  t h e  wrong resonance peak. 
a l s o  be taken t o  maintain a uniform homogeneous magnetic f i e l d  throughout t h e  
e n t i r e  microwave i n t e r a c t i o n  region,  o r  a d d i t i o n a l  l i n e  b rea th  w i l l  r e s u l t .  
i s  t h e  most probable  
The " interference" p a t t e r n  n a t u r e  of  t h e  
Care must 
It is  t o  be noted t h a t  i n  t h e  resonator  tube t h e  atoms d r i f t  i n  an 
-7 evacuated environment having a p re s su re  from 10 t o  Torr (mm of Hg). 
The expended atoms condense on t h e  w a l l  surface.  A s  a consequence no atomic 
c o l l i s i o n s  occur,  and during t h e  i n t e r a c t i o n  wi th  t h e  microwave energy t h e  
atoms approach t h e  f r e e  state more completely than i n  any o t h e r  apparatus .  
Such cesium beam u n i t s  are t h e  p re sen t  b a s i s  f o r  t h e  U.S. Frequency Standard. 
I n  o rde r  t o  o b t a i n  t h e  sha rpes t  resonance t h e  apparatus  must be long,  and 
p r a c t i c a l  cons ide ra t ions  l e a d  t o  a compromise length.  It i s  t o  be apprec i a t ed  
t h a t  v i b r a t i o n a l  motions o r  l a r g e  angular a c c e l e r a t i o n s  might s e r i o u s l y  
degrade t h e  performance of t h e  cesium resonator .  
Summary 
The cesium atomic beam frequency standard can be regarded as a primary 
s tandard,  i n  t h a t  independently constructed beam tubes compare i n  frequency 
1 2  t o  a few p a r t s  i n  10 . The signal-to-noise r a t i o  is gene ra l ly  smaller than  
t h e  case f o r  t h e  rubidium gas ce l l  device,  and whereas t h e  rubidium device 
can improve upon t h e  s h o r t  t e r m  s t a b i l i t y  of t h e  "flywheel" c r y s t a l  o s c i l -  
l a t o r ,  t h e  cesium device is  a t  i t s  b e s t  f o r  very long performance pe r iods .  We 
s h a l l  see later t h a t  t h e  dimensions of t h e  cesium beam standard are determined 
by t h e  n e c e s s i t y  of providing a long i n t e r a c t i o n  region i n  o r d e r  t o  o b t a i n  a 
narrow resonance width. 
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C. Masers, Active Atomic O s c i l l a t o r s  
General Discussion 
I n  t h e  maser o s c i l l a t o r s  t h e  atomic system i t s e l f  i s  made t o  o s c i l l a t e  
a t  t h e  resonance frequency by p l ac ing  t h e  atoms wi th in  a low l o s s  resonant 
s t r u c t u r e  tuned t o  t h e  atomic frequency. I n  t h e  d i scuss ion  of t h e  pas s ive  
o s c i l l a t o r s  i t  w a s  pointed ou t  t h a t  r a d i a t i o n  having a frequency correspond- 
ing  t o  t h e  energy sepa ra t ion  between two energy l e v e l s ,  f = AE/h, can induce 
atomic t r a n s i t i o n s  between t h e  two levels. For example, atoms can absorb 
energy from t h e  r a d i a t i o n  f i e l d  and be exc i t ed  from t h e  lower energy level t o  
t h e  upper. Atoms i n  t h e  upper l e v e l  can a l s o  be s t imulated by t h e  f i e l d  t o  
g ive  up energy t o  t h e  f i e l d  and drop t o  t h e  lower l e v e l .  I n  gene ra l ,  a n e t  
absorpt ion of energy w i l l  occur i f  n 
lower l e v e l  exceeds t h e  number i n  t h e  upper, and a n e t  emission i f  n > n 2 1' 
The processes  of induced absorpt ion and induced emission occur with equal 
p r o b a b i l i t y ,  thus,  t h e  b a s i c  requirement f o r  maser o s c i l l a t i o n  is  t h e  main- 
tenance of a populat ion d i f f e r e n t i a l  between t h e  two energy l e v e l s ,  with a 
g r e a t e r  number present  i n  t h e  upper s ta te .  
> n2, i . e . ,  t h e  number of atoms i n  t h e  
When t h e  atoms are  placed i n  a low l o s s  resonant c a v i t y  s t r u c t u r e ,  and 
i f  n > n o s c i l l a t i o n s  w i l l  b u i l d  up i f  t h e  ra te  of induced emission of 
energy is  s u f f i c i e n t  t o  overcome t h e  l o s s e s  i n  t h e  c a v i t y  p l u s  any energy 
coupled t o  e x t e r n a l  c i r c u i t s .  The frequency of o s c i l l a t i o n  w i l l  be determined 
p r imar i ly  by t h e  atomic resonance frequency, but  t h e  resonance frequency of 
t h e  c a v i t y  s t r u c t u r e  w i l l  a l s o  a f f e c t  t h e  o s c i l l a t i o n  frequency s i n c e  t h e s e  
2 1' 
two resonant systems are coupled. 
I n  terms of t h e  resonant c a v i t y  Q,  t h e  atomic resonance width Af, and 
n - n one can w r i t e  t h e  cond i t ion  f o r  o s c i l l a t i o n  i n  t h e  form: 2 1 
where K is  a p r o p o r t i o n a l i t y  constant .  
occur f o r  a given Q f o r  l a r g e  n2 - n 
Thus, o s c i l l a t i o n  i s  more l i k e l y  t o  
and narrow l i n e  width, A f .  1 
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The o s c i l l a t i o n  frequency, f ,  w i l l  be determined by t h e  expression: 
f = f  + ( f  - f ) Q ,  Af s 
0 cav 0 
0 
where f 
frequency. 
= t h e  atomic resonance frequency and f 
0 cav i s  t h e  c a v i t y  resonance 
The p u l l i n g  of t h e  o s c i l l a t i o n  frequency by t h e  c a v i t y ,  given by t h e  
second term, w i l l  be minimized i f  t h e  atomic resonance is sharp,  i.e., i f  
f /Af, i s  l a r g e  compared with t h e  c a v i t y  Q. 
It is  now p o s s i b l e  t o  examine t h e  ope ra t ion  of t h e  hydrogen maser, 
0 
s p e c i f i c a l l y  t h e  means f o r  making n > n and Af s m a l l .  2 1  
1. The HydroRen Maser O s c i l l a t o r  
General Operation 
The hydrogen maser b e a r s  a c e r t a i n  resemblance t o  t h e  cesium atomic 
beam frequency standard.  
Atomic hydrogen is  produced by d i s s o c i a t i o n  of hydrogen gas i n  an r f  d i s -  
charge. 
inhomogeneous f i e l d  of a state s e l e c t i n g  magnet. 
t h e  A and B f i e l d  magnets discussed earlier. 
is 1/2 so t h a t  t h e  ground s ta te  hyperf ine l e v e l s  are l abe led  by the  t o t a l  
angular momentum quantum numbers F = 1 and F = 0. The s e l e c t o r  magnet d i r -  
ects atoms i n  states F = 1 mF = 0 and 1 through an a p e r t u r e  i n t o  t h e  qua r t z  
bulb i n  t h e  resonant cav i ty .  
are r e j ec t ed .  The c a v i t y  i n  which t h e  qua r t z  bulb is  loca ted  i s  tuned t o  
t h e  f i e l d  independent hyperf ine resonance frequency of  hydrogen a t  1420.4 
MHZ . 
% = 0 -t F = 0, % = 0 sublevels .  
produces a population d i f f e r e n c e ,  n2 - n, = n, = n/4,  i n  t h e  atomic beam 
I n  Figure 11 t h e  maser i s  shown schematically.  
A col l imated beam of t h e s e  hydrogen atoms is passed through t h e  
This  magnet is s i m i l a r  t o  
The nuc lea r  s p i n  of hydrogen 
Atoms i n  states F = 1 m = -1 and F = 0 % = 0 F 
This corresponds t o  t h e  energy sepa ra t ion  between t h e  F = 1, 
The magnetic beam d e f l e c t i o n  system 
en te r ing  t h e  c a v i t y ,  where t h e  q u a n t i t y  
before  en te r ing  t h e  magnetic s e l e c t o r .  
o s c i l l a t i n g  f i e l d  wi th in  t h e  c a v i t y  and 
f i e l d .  
I L 
n is  t h e  number of atoms i n  t h e  beam 
These n atoms are subjected t o  t h e  
induced t o  g ive  up energy t o  t h i s  
2 
_x i 
$f h 
154 
4 
155 
Resonance Width 
The resonance width, Af, is  determined by t h e  l eng th  of t i m e ,  T,  t h e  
atoms i n t e r a c t ,  undisturbed, with t h e  r f  f i e l d ,  t hus  Af = 1 / T .  
T i s  r e l a t e d  t o  the  rates a t  which i n t e r r u p t i o n s  occur.  
R2  + R 
c a v i t y  through the entrance ape r tu re .  
hydrogen - hydrogen c o l l i s i o n s  t ake  place.  
occurrence of d i s o r i e n t a t i o n  by w a l l  c o l l i s i o n s .  (The wal ls  of t h e  bulb are 
coated with s p e c i a l  coat ings,  e.g., t e f l o n ,  i n  o rde r  t o  permit a l a r g e  number 
of wall  c o l l i s i o n s  before  d i s o r i e n t a t i o n  occurs . )  Typical ly ,  t h e  rate of 
H - H c o l l i s i o n s  is 1 sec , t he  ra te  of d i s o r i e n t i n g  w a l l  c o l l i s i o n s  is 
-1 -1 0.5 see and, t he  average number of escapes is  0.7 sec . Thus, 
1 / T  = 2 s e c  . 
The q u a n t i t y  
R1 + Thus, 1 / T  = 
The f i r s t ,  R1, is  t h e  ra te  a t  which atoms d i f f u s e  ou t  of t h e  3' 
The second, R2,  is  t h e  rate a t  which 
The t h i r d ,  R3, i s  t h e  rate of 
-1 
-1 
The q u a n t i t i e s  n1 - n2 and t h e  resonance width, A € ,  e n t e r i n g  i n t o  t h e  
expression f o r  o s c i l l a t i o n  threshold are not  independent q u a n t i t i e s .  The 
quan t i ty  n - n = 0) may be increased by inc reas ing  
t h e  beam f lux ,  but such an inc rease  w i l l  i nc rease  t h e  atomic concen t r a t ion  
i n  t h e  bulb and hence, t he  number of H - H c o l l i s i o n s .  
can be reduced by inc reas ing  t h e  s i z e  of t h e  a p e r t u r e ,  but t h i s  w i l l  i n  t u r n  
inc rease  Af by inc reas ing  t h e  rate of escape from t h e  bulb. 
balance between t h e s e  d i f f e r e n t  q u a n t i t i e s  i s  u s u a l l y  sought. It i s  seen 
t h a t  t h e  l i n e  width Af - 1 Hz f o r  t h e  hydrogen maser i s  considerably less 
(or  n2 here  s i n c e  n 2 1  1 
The concentrat ion 
An optimal 
than t h a t  f o r  t h e  cesium and rubidium standards discussed 
widths of t h e  o rde r  of 200 Hz are c h a r a c t e r i s t i c  of t h e s e  
Frequency S h i f t s  
The c o l l i s i o n s  of t h e  hydrogen atoms with t h e  w a l l  
g ives  rise t o  a resonance frequency s h i f t  on t h e  o rde r  of 
earlier. Line 
two devices .  
coa t ing  material 
p a r t s  i n  lo1' and 
i s  similar t o  the  b u f f e r  s h i f t s  i n  rubidium. The s h i f t  depends inve r se ly  
upon t h e  bulb diameter as t h i s  determines t h e  number of c o l l i s i o n s  p e r  second. 
A second-order doppler e f f e c t  a l s o  produces a frequency s h i f t  of p a r t s  i n  
10" which is  s l i g h t l y  temperature dependent. 
dependence of t h e  resonance frequency is given by f = f o  + 2750 B 
so t h a t  considerable  care i n  maintaining a constant  and r e l a t i v e l y  uniform 
The quadra t i c  magnetic f i e l d  
(gauss),  
2 
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, 
magnetic f i e l d  is required.  
maser o s c i l l a t o r s  inasmuch as a c a v i t y  Q of  lo3  - 10 
1 0  is  requi red  f o r  o s c i l l a t i o n .  
t h e  requirement t h a t  t he  c a v i t y  resonance frequency be s t a b l e  t o  a p a r t  i n  
1 0  t o  o b t a i n  o s c i l l a t i o n  s t a b i l i t y  of 1 i n  These va r ious  sources  of 
frequency s h i f t  are q u i t e  reproducible ,  so t h a t  v a r i a t i o n s  between d i f f e r e n t  
hydrogen masers produced t o  the  same s p e c i f i c a t i o n s  is on t h e  o rde r  of p a r t s  
i n  The hydrogen maser i s  c l a s s i f i e d  as a primary frequency s tandard.  
The c a v i t y  pu l l ing  e f f e c t  i s  s i g n i f i c a n t  f o r  
4 and a resonance Q of 
9 This  l a r g e  c a v i t y  Q f o r  hydrogen l e a d s  t o  
7 
The s i g n a l  power l e v e l  of t h e  hydrogen maser is  q u i t e  low, on t h e  
w a t t s .  o r d e r  of 10 
shown i n  the  block diagram of Figure 1 2 ,  showing how a c r y s t a l  o s c i l l a t o r  
is  phase locked t o  t h e  maser o s c i l l a t o r  output .  
phase locked system d i f f e r  from those  of t h e  pass ive  systems discussed above. 
I n  one case, t h e  frequency of t h e  c r y s t a l  o s c i l l a t o r  is  locked t o  t h e  f r e -  
quency of t he  resonance. 
phase locked t o  t h e  maser o s c i l l a t o r .  
A complete hydrogen maser frequency s tandard is  -12 
The dynamics of such a 
I n  t h e  case  of t h e  masers t h e  c r y s a l  o s c i l l a t o r  is  
2 ,  Other Maser O s c i l l a t o r s  
Before turn ing  t o  a d i scuss ion  of t h e  frequency s t a b i l i t y  c h a r a c t e r i s -  
t i c s  of t h e  va r ious  frequency s tandards ,  b r i e f  mention should be made of t h e  
o p e r a t i o n  of o t h e r  types  of maser o s c i l l a t o r s .  
The f i r s t  maser developed ( i n  1956) w a s  t h e  ammonia beam maser. The 
ammonia beam maser is not  c u r r e n t l y  being produced commercially. 
s t u d i e d  ex tens ive ly  and e x h i b i t s  e x c e l l e n t  s h o r t  term s t a b i l i t y  and s p e c t r a l  
p u r i t y .  
cussed above. 
It has  been 
The long term s t a b i l i t y  i s  not  as good as t h a t  of t h e  s tandards  d i s -  
The o s c i l l a t i o n  frequency i s  approximately 24 GHz. 
The rubidium maser o s c i l l a t o r  is t h e  o s c i l l a t o r  counterpar t  of t h e  
p a s s i v e  rubidium frequency s tandard.  
s u c c e s s f u l l y  and is not  c u r r e n t l y  being produced commercially. The popula t ion  
i n v e r s i o n  n2 - n 
s tandard .  
- n 
It has  only r e c e n t l y  (1965) been operated 
is  maintained by o p t i c a l  pumping as i n  t h e  pas s ive  rubidium 1 
By us ing  i n t e n s i t y  pumping as descr ibed earlier a l i m i t i n g  value of 
= n/5 can be obtained.  The l i n e  width Af depends upon t h e  rate of n2 1 
Rb-Rb c o l l i s i o n s ,  t h e  o p t i c a l  pumping i n t e n s i t y ,  b u f f e r  gas  and w a l l  c o l l i s i o n s .  
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Again, as i n  t h e  hydrogen maser, an optimal balance between the  f a c t o r s  
determining n - n and df is required.  I n  t h i s  case t h e  rubidium vapor 
d e n s i t y  and pumping lamp l i g h t  i n t e n s i t y  must be optimized. The r e l a t i v e l y  
l a r g e r  c o l l i s i o n  c r o s s  s e c t i o n  f o r  rubidium over  hydrogen r equ i r e s  t h e  use  
of a higher Q resonant c a v i t y  (Q - 50,000) i n  order  t o  o b t a i n  o s c i l l a t i o n .  
This i n  t u r n  inc reases  t h e  c a v i t y  p u l l i n g  problem. 
rubidium maser o s c i l l a t o r  is expected t o  l ead  t o  a s h o r t  term s t a b i l i t y  
comparable with t h a t  of t h e  hydrogen maser i n  a much smaller device.  
2 1  
The refinement of t h e  
Atomic Interaction Time, TA 
Atomic Resonance Events per 
Second - Magnetic 
@ Q *  
.z & 2nd Order Doppler' 
Collisions 
.gg p 
&&' - 
--__T_ 
State Selection Methad 
D. Summary 
By way of summary, t h e  c h a r a c t e r i s t i c s  of t h e  t h r e e  commercially 
developed atomic frequency s tandards are presented i n  Table 2. 
2 X lo-* seconds (typical) 2.5X 10-8 seconds 
Interaction length, L -25 cm 
(typical) 
0.5 seconds 
- 
101' IO" lo" 
f -f&27 B* (gauss) 
1 X10-10 (typical) 
! 3 x  10-1' - 
f-fo-275Ll (gauss) 
5 X 10-13 (typical) 
4X1h-11(df/dT== 1.4XtO-**/°K) I 8x10-1' 
2 x 10-'1 
Atonric Beam Deflection in Optical Pumping Atomic Beam Deflection in Di- 
- - -- ' j  3~10-7'(typicat) none 
__-__I_- . -  
TABLE 2 
I Hexapole Magnets 
Resonance Detection Method i .4tomic XIicroaave Radiation Optical Absorption 
..-------_I_--___ , 
Summary of Important C h a r a c t e r i s t i c s  of 
Three Atomic Frequency Standards (Ref. 5) 
pole or Mu!tipole Magnets 
Surface Ionization of Deflected 
, "--
- --_.-__ - ___-- - _  .- 
i Rubidium G a s  Cell Cesium Atomic Beam (21-inch) 
Characteristic 1 Atomic Hydrogen Maser ; Control,ed I Controlled Oscillator 
Sominal Resonance Frequency I 1420.405751 Mc/s I 6834.682608 Mc/s 9192.631 770 4k/s 
Resonance Width 1 1 C I S  I 200 c/s (tvaicat) I--  250 c/s _cI- 
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111. PERFORMANCE CHARACTERISTICS 
A. D e f i n i t i o n s  and Measurements 
1. D e f i n i t i o n s  
The s p e c i f i c a t i o n  of t h e  performance of t h e  v a r i o u s  atomic frequency 
s tandards is d i f f i c u l t  and no u n i v e r s a l l y  accepted method of  desc r ib ing  
performance e x i s t s .  
including s p e c t r a l  p u r i t y ,  frequency s t a b i l i t y ,  accuracy and r e p r o d u c i b i l i t y .  
The fol lowing d e f i n i t i o n s  of t h e s e  q u a n t i t i e s  have received gene ra l  acceptance.  
Accuracy: Accuracy r e f e r s  t o  comparison with a n  accepted s tandard,  t h u s  t h e  
frequency accuracy of an o s c i l l a t o r  i s  measured by t h e  d e v i a t i o n  of t h e  mean 
frequency of t h e  o s c i l l a t o r  from a s tandard such as t h e  U.S. Frequency 
Standard. The p a r t i c u l a r  s tandard must be named and a d e f i n i t i o n  of mean 
frequency given t o  completely spec i fy  t h e  accuracy. 
Reproducibi l i ty:  The term r e p r o d u c i b i l i t y  commonly r e f e r s  t o  t h e  a b i l i t y  of 
an o s c i l l a t o r  t o  r e t u r n  t o  a previously measured va lue  of frequency a f t e r  
having been turned o f f  and on, 
ope ra t ing  frequency of o t h e r  members of t h e  c l a s s  of s i m i l a r  o s c i l l a t o r s .  
F o r  example, a set of cesium beam standards b u i l t  t o  t h e  same s p e c i f i c a t i o n s ,  
tuned-up and checked ou t  using a s tandard procedure w i l l  each o s c i l l a t e  a t  a 
s l i g h t l y  d i f f e r e n t  frequency. 
and t h e  s tandard d e v i a t i o n  about t h i s  mean i s  a measure of t h e  r e p r o d u c i b i l i t y .  
Frequency S t a b i l i t y :  The frequency s t a b i l i t y  i s  a measure of  t h e  t i m e  behavior 
of t h e  frequency of t h e  o s c i l l a t o r .  The frequency r e f e r s  t o  t h e  average f r e -  
quency of t h e  o s c i l l a t o r  during t h e  t i m e  i n t e r v a l  of measurement. For example, 
t h e  frequency of o s c i l l a t i o n  may be measured over  a l a r g e  number of successive 
one second i n t e r v a l s .  The measured frequencies  w i l l  g e n e r a l l y  e x h i b i t  a 
random scatter about a mean frequency. 
i s  thus  a measure of  t h e  s t a b i l i t y .  
t i o n  is 5 p a r t s  i n  10  f o r  1 second averaging t i m e s . "  
a t i m e  dependent d r i f t  o r  s h i f t  i n  frequency may be  observed, and t h e  individ-  
u a l  measurements w i l l  scatter about t h i s  t rend l i n e .  Such a d r i f t  o r  "aging 
rate" is  commonly s p e c i f i e d  i n  t e r m s  of f r a c t i o n a l  p a r t s  pe r  day o r  p e r  week. 
S p e c t r a l  Pu r i ty :  
performance i n  t h e  frequency domain r a t h e r  than t h e  t i m e  domain. Thus, i t  i s  
A number of terms are used t o  d e s c r i b e  performance, 
o r  t o  o p e r a t e  w i t h i n  s p e c i f i e d  l i m i t s  of t h e  
The mean o r  average frequency can be determined 
The s tandard d e v i a t i o n  about t h e  mean 
Typ ica l ly  one h e a r s  " the s t anda rddev ia -  
1 2  Over longer  pe r iods  
The s p e c t r a l  p u r i t y  i s  a way of expressing t h e  s t a b i l i t y  
160 
customarily t h e  Four i e r  Transform of t h e  frequency t i m e  series. 
lar  a p p l i c a t i o n s  t h i s  s p e c t r a l  information is of more i n t e r e s t  than t h e  
temporal behavior. 
For pa r t i cu -  
2. Measurements 
Frequency s t a b i l i t y  measurements can be made over  a range of  averaging 
per iods using s e v e r a l  methods, 
made a t  TRW by observing t h e  s t a b i l i t y  of  a low frequency bea t  der ived by 
mixing 10 GHz s i g n a l s  obtained by mult iplying t h e  5 MHz frequency s tandard 
ou tpu t s  as shown i n  Figure 13.  M u l t i p l i c a t i o n  t o  10 GHz w a s  chosen f o r  ease 
i n  d a t a  i n t e r p r e t a t i o n  s i n c e  a 1 Hz change i n  t h e  beat  frequency corresponds 
t o  a s h i f t  of 1 p a r t  i n  10". Normally t h e  frequency of one u n i t  is o f f s e t  
with r e spec t  to  t h e  o t h e r  by a constant  amount t o  provide a convenient beat  
frequency of 100 t o  500 Hz. 
o r  converted t o  a v o l t a g e  and displayed on a s t r i p  c h a r t .  
counter  a quan t i za t ion  e r r o r  of 1 Hz l i m i t s  t h e  accuracy of t h e  system t o  
1 pp 10" f o r  a 1 second averaging per iod,  and i s  correspondingly more accur- 
a'te f o r  10,  100, 1000 second o r  longer counting pe r iods -  U s e  of t h e  s t r i p -  
c h a r t  p r e s e n t a t i o n  and t h e  frequency t o  vo l t age  conversion permits  s h o r t e r  
averaging per iods l i m i t e d  by t h e  response t i m e  of t h e  recorder .  
t y p i c a l l y  0.01 sec f o r  a Sanborn Recorder). 
per iod of hours o r  days can be made with t h e  beat  frequency and counter  equip- 
ment, bu t  continuous recording of t h e  re la t ive phase between two o s c i l l a t o r  
u n i t s  provides d a t a  which is  r e a d i l y  i n t e r p r e t e d  f o r  long-term information. 
A cons tan t  d i f f e r e n c e  frequency r e s u l t s  i n  a s t r a i g h t  l i n e  r e l a t i o n s h i p  
between phase and t i m e ;  dev ia t ion  from l i n e a r i t y  i n d i c a t e s  a t i m e  varying f r e -  
quency d i f f e r e n c e  o r  frequency i n s t a b i l i t y .  
d i f f e r e n c e  and c h a r t  speed, frequency s h i f t s  as s m a l l  as 1 pp 10 
measured. 
Short  t e r m  s t a b i l i t y  measurements have been 
The bea t  frequency can be counted and p r i n t e d  
When using a 
(This is 
S t a b i l i t y  measurements over a 
By proper choice of  frequency 
12 are e a s i l y  
Long t e r m  s t a b i l i t y  and accuracy measurements can be made relative t o  
t h e  National Bureau of Standards U.S. Frequency Standard by way of s t a t i o n  
WWVL l o c a t e d  i n  Boulder, Colorado. Commercial VLF r e c e i v e r  and se rvo  phase 
s h i f t e r s  automatical ly  s h i f t  t h e  phase of a 100 KHz s i g n a l  der ived from t h e  
l o c a l  frequency s tandard i n  order  t o  zero t h e  phase of a 40 KHz s i g n a l  
synthesized from t h e  100 KHz l o c a l  s i g n a l  r e l a t i v e  t o  a 40 KHz s i g n a l  obtained 
161  
FREQUENCY 
STANDARD 1 
FREQUENCY 
STANDARD 2 
I I MULTIPLIER I I MULTIPLIER 
10 GHzI DIRECTIONAL 
COUPLER 4 
MIXER c=l 
Figure 13. Schematic of apparatus for frequency stability comparisons. 
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by doubling t h e  20 KHz received WWVL s i g n a l .  
maintain zero relative phase i s  recorded on a s t r i p  c h a r t .  
d i f f e r e n c e  of 1 pp l o l o  can be observed i n  a three-hour per iod with l i t t l e  
d i f f i c u l t y  i f  t h e  obse rva t ion  i s  made during midday o r  midnight hours. 
During s u n r i s e  and sunset  pe r iods  a t  both transmitter and r e c e i v e r  sites, a 
l a r g e  s h i f t  i n  phase occurs  because of s l i g h t  changes i n  t h e  VLF propagation 
p a t h  wi th  changes i n  t h e  ionosphere. 
red f o r  accuracy. 
frequency d r i f t s  of atomic frequency s tandards.  
t h e s e  VLF broadcasts  must be corrected f o r  s t a t i o n  frequency changes. 
WWVL broadcast: frequency v a r i a t i o n s  are published p e r i o d i c a l l y .  
The phase s h i f t  required t o  
A frequency 
Averages over 8 t o  24 hours are p re fe r -  
Measurements over a per iod months are required t o  d e t e c t  
Measurements r e l a t i v e  t o  
The 
B. Frequency S t a b i l i t y  C h a r a c t e r i s t i c s  of Quar t z  O s c i l l a t o r s  
The b e s t  qua r t z  c r y s t a l  o s c i l l a t o r s  r e f l e c t  t h e  most advanced design 
i n  p rec i s ion  frequency sources.  Their  s i g n a l  s t a b i l i t y  and s p e c t r a l  p u r i t y  
are exce l l en t .  These o s c i l l a t o r s  i nco rpora t e  a l l  t h e  f e a t u r e s  mentioned i n  
t h e  earlier d i scuss ion  of c r y s t a l  o s c i l l a t o r s .  Thus, t h e  c r y s t a l  is  housed 
i n  a p ropor t iona l ly  con t ro l l ed  double oven; automatic ga in  c o n t r o l  maintains  
t h e  d r i v e l e v e l  t o  t h e  c r y s t a l  constant ;  a l l  ou tpu t s  are c a r e f u l l y  buffered 
t o  minimize t h e  e f f e c t  of l oad  on frequency. 
is  a l s o  placed w i t h i n  t h e  temperature c o n t r o l l e d  ovens. 
c r y s t a l  is  operated a t  i t s  point  of minimum temperature c o e f f i c i e n t ,  t h a t  is ,  
where t h e  ra te  of change of frequency wi th  temperature is  a minimum. 
Most of t h e  e l e c t r o n i c  c i r c u i t r y  
Each p a r t i c u l a r  
The s t a b i l i t y  performance of  t h e  bes t  commercial l abo ra to ry  u n i t s  
( f o r  example Hewlett-Packard 106 A ,  B) i s  b e t t e r  than '5 pp 10" per  24 
hours ( d r i f t ) .  
d e v i a t i o n  f o r  0.1 sec and f o r  1 sec and is  8 pp l o l o  r m s  f o r  1 msec. 
frequency s h i f t  of fl pp 10 is  s p e c i f i e d  f o r  an ambient temperature range 
The s h o r t  term s t a b i l i t y  is  1 .5  pp 10l1 rms f r a c t i o n a l  
A 
1 0  
of 0' - 40OC. 
A p r e c i s i o n  qua r t z  o s c i l l a t o r  packaged f o r  spacec ra f t  ope ra t ion  by 
Johns Hopkins Applied Physics Laboratory and descr ibed i n  Ref. 3 exhibi ted 
a frequency d r i f t  of 6 pp 10" p e r  day i n  o r b i t .  
previous ground measurements. Other ground measurements i nd ica t ed  a s h o r t  
term rms f r a c t i o n a l  f l u c t u a t i o n  of 1 pp 10" f o r  2 sec averaging and 
This d r i f t  ra te  agreed with 
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3 - 6 pp lo1' f o r  200 sec  averaging. 
1 pp 10l1 per  degree C ,  but  improved 
Temperature s e n s i t i v i t y  i s  quoted as 
temperature c o n t r o l c i r c u i t r y  i s  planned. 
Another p rec i s ion  o s c i l l a t o r  has  been packaged by B e l l  Telephone 
Labora tor ies  i n  a po r t ab le  u n i t  intended f o r  f i e l d  use  and is descr ibed i n  
Ref. 4. The long term s t a b i l i t y  (or d r i f t )  i s  less than  1 pp lo1* per  day 
a f t e r  t h e  f i r s t  four  hours of opera t ion .  
d r i f t  decreases  t o  less than 1 pp l o l o  pe r  week. 
quency are 1 pp lo1' f o r  0.2 second averaging-decreasing t o  1.5 pp lo1' f o r  
averaging times g r e a t e r  than 10 seconds. 
'7  pp 1013 per  degree C over a range of 10°C t o  4OOC. 
Af te r  a week of ope ra t ion  t h e  
The rms dev ia t ions  of f r e -  
The temperature s e n s i t i v i t y  i s  
These frequency s t a b i l i t y  performance c h a r a c t e r i s t i c s  r e f l e c t  t h e  
bes t  i n  packaged c r y s t a l  o s c i l l a t o r  u n i t s .  
t he  U.S. Naval Observatory which have been operated i n  an  optimum environment 
continuously f o r  months have d r i f t  rates as low as a few p a r t s  i n  10 per  
day. A temporary shut  down of any c r y s t a l  o s c i l l a t o r  of t h e  oven w i l l  pro- 
duce a change of frequency, and a new per iod  of s t a b i l i z a t i o n  i s  requi red .  
The new opera t ing  frequency w i l l  be  seve ra l  p a r t s  i n  lo9 d i f f e r e n t  from t h e  
opera t ing  frequency before  shut  down. 
mized by shock mounting, but s t a t i c  acce le ra t ion  i s  more of a problem. 
Typical ly  a s h i f t  of lo-' per g w i l l  occur when a s t a t i c  a c c e l e r a t i o n  i s  
appl ied . 
The c r y s t a l  o s c i l l a t o r s  used a t  
13 
S e n s i t i v i t y  t o  v i b r a t i o n  can be mini- 
I n  summary, t h e  s t a b i l i t y  performance of quar tz  c r y s t a l  o s c i l l a t o r s  
i s  q u i t e  good when they are operated i n  a c a r e f u l l y  maintained environment. 
Such environments should be constant  temperature,  cons tan t  a c c e l e r a t i o n ,  
v i b r a t i o n  f r e e  and opera t ion  should be cont inuously maintained. 
C. Frequency S t a b i l i t y  C h a r a c t e r i s t i c s  of Passive Atomic Standards 
The resul ts  of frequency s t a b i l i t y  measurements of commercially manu- 
fac tured  cesium atomic beam s tandards  and rubidium gas  cell  s tandards  are 
shown i n  Figure 14. 
d i f f e rence  measurements of t h e  type  discussed ear l ier .  Each poin t  i s  t h e  
result of a number of measurements of frequency and is  t h e  ca l cu la t ed  s tandard 
The d a t a  are t h e  r e s u l t  of bea t  frequency and phase 
1 
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Figure 14. Atomic oscillator stability plot from Ref. 5. The symbols Cs, 
Rb, N identify the type of oscillator for which data taken. 
next to the data points refer to the data source listed in Table 3.  
uncertainty limits on the measurement points indicate the degree of un- 
certainty in stability measurements (95% confidence intervals) and generally 
reflect a small number of samples. 
calculated stabilities. 
The numbers 
The 
The solid curves indicate theoretically 
TABLE 3 
Sources of Data Plotted in Figure 14. (Ref. 5) 
- --- 
’ Data Point Identification 
(51, (6) 
(8) 
(7) Group of six points 
- 
Xtomic Standard 
Cesium Beam 
Cesium Beam 
Cesium Beam 
Rubidiutn Gas Cell 
Rubidium Gas Cell 
Rubidium Gas Cell 
Hydrogen Maser 
Hydrogen Maser 
~ _ _ . - _ - - - - - ~  --. -_ 
Source 
- 
Laboratory Standard-i’arian BLK-2 Tube. 
Hew-lett-Packard Model 5060.1 (Varian BLR-3 Tube)- 
NBS Report of Calibration So. 805894, February 2, 
1965. 
Two Hewlett-Packard Model 5060.A Standards- 
Continuous phase difference record. 
Two Varinn Model R-20 Standards. 
Variari Model R-20 Standard--SBS Report of Cali- 
bration-pooled estimate 20 samples 202 measure- 
ments. 
Two Varian Model R-20 Standards-Continuous 
phase difference record. 
Two Varian Model H-10 Masers- Reat frequency 
measurements. 
Two Varian Model H-10 Masers-Beat frequency 
measurements. 
‘1 65 -__. ---- 
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dev ia t ion  i n  frequency computed from t h i s  ( f i n i t e )  number of measurements. 
The v e r t i c a l  b a r s  r ep resen t  t h e  95 percent  confidence i n t e r v a l  on t h e  s tandard 
dev ia t ion  and r e f l e c t  
curves i d e n t i f y  t h e  d a t a  sources  and r e f e r  t o  Table 3.  
Continuous phase d i f f e r e n c e  p l o t s  f o r  cesium and rubidium are shown 
t h e  l i m i t e d  number of samples. The numbers on t h e  
i n  Figure 1 5  and 16. The d a t a  i n  Figure 1 5  is  provided by General Technology 
Corporation and t h a t  i n  Figure 16  is r e p l o t t e d  from d a t a  i n  Ref. 5. The t i m e  
r e s o l u t i o n  i n  Figure 16  is  approximately 10  nanoseconds r e f l e c t i n g  t h e  j i t ter  
i n  t h e  r eco rde r  trace. 
I n  a d d i t i o n  t o  t h i s  data ,  long term performance of a number of commer- 
c ia l  frequency s t anda rds  has  been measured a t  t h e  Nat ional  Bureau of Standards.  
i n  Boulder, Colorado. 
put of t h e  s tandard with t h e  output  of  t h e  s tandard NBSII (a  cesium beam 
standard) .  The frequency o f f s e t  is such as t o  g ive  a bea t  n o t e  having a 
per iod of approximately 208 seconds. Period measurements are made f o r  
approximately 20 minutes,  i .e.,  10  pe r iods ,  and an average per iod and bea t  
frequency c a l c u l a t e d .  This bea t  frequency is  then recorded, approximately 
These measurements are made by bea t ing  t h e  5 MHz out- 
.,_ 
t 
i 
1 one reading a day, and t h e  r e s u l t  p l o t t e d  f o r  a l o n g e r  per iod of t i m e .  
Figure 17 shows t h e  r e s u l t s  of such measurements and Figure 18  shows a similar 
record taken i n  1962 wi th  t h e  TRW (STL) Rubidium Frequency Standard. 
I n  appra i s ing  a l l  of t h i s  d a t a  i t  must be  s t a t e d  t h a t  t h e  s ta t i s t ica l  
support  i s  meager, e s p e c i a l l y  f o r  t h e  long-term frequency s t a b i l i t y  measure- 
ments. S t a t i s t i c a l  s i g n i f i c a n c e ,  of course,  imp l i e s  a l a r g e r  number of samples, 
and a l a r g e  number of long measurement i n t e r v a l s  implies  e i t h e r  long per iods 
of t i m e  o r  a l a r g e  number of  simultaneous 1ong.term experiments. Inasmuch 
as l a r g e  q u a n t i t i e s  of atomic frequency s t anda rds  do not  ex is t  and are no t  
i n  widespread use,  t h e r e  i s  a good explanat ion f o r  t h e  s c a r c i t y  of long term 
da ta .  
The phys ica l  o r i g i n  of slow d r i f t s  o r  very low frequency f l u c t u a t i o n s  
is  n o t  w e l l  uaderstood. 
changes i n  b u f f e r  gas  composition, outgassing of s ea l ed  atomic beam tubes,  and 
o t h e r  such long term e f f e c t s  need f u r t h e r  s tudy be fo re  meaningful p r e d i c t i o n s  
of very long term performance can be made. 
Phenomena such as rubidium lamp d e t e r i o r a t i o n ,  
A t  p r e s e n t ,  t h e r e  is no meaningful 
b a s i s  f o r  e x t r a p o l a t i n g  t h e  apparent d r i f t s  of p a r t i c u l a r  classes of  frequency 
'a 
9 
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standards f o r  pe r iods  beyond those  f o r  which experimental  d a t a  e x i s t s .  
is some evidence t o  i n d i c a t e  t h a t  t h e s e  apparent  d r i f t s  can change s i g n  
occas iona l ly  i n  an unpred ic t ab le  manner. 
D. Frequency S t a b i l i t y  C h a r a c t e r i s t i c s  of Maser O s c i l l a t o r s  
There 
A r e l a t i v e l y  small number of measurements have been published of t h e  
frequency s t a b i l i t y  of commercial hydrogen maser o s c i l l a t o r s .  
shows t h e  r e s u l t s  of t h e s e  d a t a  which were obtained by beat  frequency measure- 
ments. It is evident  from t h e  d a t a  shown t h a t  t h e  hydrogen maser is  c u r r e n t l y  
the  most s t a b l e  frequency s tandard i n  ex i s t ence .  
Figure 14 
There i s  some i n d i c a t i o n  t h a t  t h e  rubidium maser o s c i l l a t o r ,  which is 
not commercially a v a i l a b l e ,  w i l l  e x h i b i t  b e t t e r  very s h o r t  term s t a b i l i t y  
performance. 
aging and low frequency f l u c t u a t i o n s  a s soc ia t ed  with t h e  pas s ive  rubidium 
frequency s t anda rds  . 
It is expected t h a t  f o r  l a r g e r  pe r iods  it w i l l  e x h i b i t  t h e  
E. Summary 
I n  summary of t h e  frequency s t a b i l i t y  c h a r a c t e r i s t i c s  of t h e  t h r e e  
commercially a v a i l a b l e  atomic frequency s t anda rds ,  Table 4 is  presented here .  
TABLE 4 
Summary of Frequency S t a b i l i t y  
C h a r a c t e r i s t i c s  of 3 Atomic Frequency Standards (Ref. 5) 
.- ~- - - -- - --- - -  - --- 
Rubidium Gas Cell 
Controlled Oscillator 
does not apply 
__. 
5 x 10-11 
Atomic Hydrogen Maser 
1 x 10-1' One second 
One minute 2 x 10-12 
One hour 3 x 10-1' 5 x 10-11 8 x lo-'' 
2 x 10-13 One day 2 x 10-1' 
--I 
Characteristic 
Intrinsic Reproducibility of Pres- * 5 x 10-13 
ent Degices 
Stability (rmo deviation from the 
mean): 
-- 
_I__ 
--- -- 
Systeniatic Drift. Sone detectable with resolution 
of 1 X 10-1* per year 
-1 Sone detectable with resolutioii 
less than 3x10-15 per month of 3 X  lo-" per year - - 
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I V  PHYSICAL CHARACTERISTICS OF STABLE OSCILLATORS 
A. In t roduct ion  and Tabular Summary 
I n  order  t o  dec ide  whether a p a r t i c u l a r  type  of s t a b l e  o s c i l l a t o r  is 
bes t  s u i t e d  t o  a p a r t i c u l a r  a p p l i c a t i o n  it is  necessary t o  consider  var ious  
phys ica l  c h a r a c t e r i s t i c s  of t h e  apparatus .  
volume, power consumption, a b i l i t y  t o  ope ra t e  i n  extreme temperature ranges 
and harsh v i b r a t i o n a l  environments and o the r  f a c t o r s  are extremely important.  
The instrument l i f e t i m e  o r  mean t i m e  between f a i l u r e s  is  another  important 
c h a r a c t e r i s t i c .  
t i o n  f o r  t h e  va r ious  o s c i l l a t o r s  we  have considered,  and are summarized i n  
Table 5. 
thermal sh i e ld ing  can be obtained by increas ing  t h e  weight. 
B. Quar tz  Crys ta l  Oscillators 
I n  many a p p l i c a t i o n s  the  weight,  
Typical phys ica l  c h a r a c t e r i s t i c s  are presented i n  t h i s  sec- 
It is  evident  t h a t  many t rade-of fs  are poss ib l e ,  e.g., b e t t e r  
The t h r e e  quar tz  c r y s t a l  o s c i l l a t o r s  discussed earlier, i .e.,  t h e  
Hewlett-Packard 106 A,B, t h e  Johns Hopkins and B e l l  Labora tor ies  u n i t s ,  
have each been w e l l  packaged f o r  t h e i r  intended app l i ca t ion .  
The HP o s c i l l a t o r  is  intended f o r  genera l  l abo ra to ry  and i n d u s t r i a l  use.  
The u n i t  weighs 25 pounds and i t s  dimensions are 7" x 16-3/4" x 16-3/8". 
opera t ing  temperature i s  O°C t o  4OOC. Power required i s  approximately 8 
w a t t s .  
(See Table  5 ) .  
The 
The Johns Hopkins u n i t  descr ibed i n  Ref. 3 is  packaged f o r  opera t ion  
aboard t h e  Geos A spacec ra f t ,  and provides  s i g n a l s  f o r  a doppler measurement 
system. 
long and weighed 2.75 pounds. 
massive inner  f l a s k  surrounded by aluminized Mylar and f iberg lass -paper  l aye r  
i n su la t ion .  
o u t e r  f l a s k  (or  can).  
The complete o s c i l l a t o r  package w a s  3.6 inches i n  diameter ,  5 inches 
The c r y s t a l  i t s e l f  w a s  placed i n  a thermally 
This  is surrounded by a hea te r  f l a s k ,  more i n s u l a t i o n  and an 
The o s c i l l a t o r  repor ted  by t h e  B e l l  Telephone Labora tor ies  i n  Ref. 4 
was packaged as a por t ab le  u n i t  and intended f o r  f i e l d  use.  
is  8.5" x 8.5" x 16" and weighs 25 pounds. 
D.C. and r equ i r e s  24 w a t t s  i n  opera t ion  25OC a f t e r  warm-up. 
of t h e  usua l  double oven des ign  cons i s t ing  of an o u t e r  oven, wi th  polyurethane 
The assembly 
The u n i t  is powered by 24 v o l t s  
The package i s  
foam i n s u l a t i o n ,  containing an inne r  
o s c i l l a t o r  u n i t .  E l e c t r i c a l  f i l t e r s  
and mechanical i s o l a t i o n  is provided 
oven wi th  more i n s u l a t i o n  housing t h e  
provide n o i s e  i n s u l a t i o n  and e l e c t r o s t a t i c  
by t h e  ou te r  enclosure.  171 
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These t h r e e  u n i t s  i l l u s t r a t e  t h a t  s m a l l  phys ica l  s i z e  
No r e l i a b i l i t y  wi th  q u a l i t y  c r y s t a l  o s c i l l a t o r  performance. 
bu t  r e l i a b i l i t y  performance i s  bel ieved good. 
C. Pas s ive  Atomic Frequency Standards 
1. Rubidium G a s  C e l l  Standard 
It i s  seen from Table 5 t h a t  t h e  rubidium standard i s  
and l igh tweight  of t h e  atomic frequency s tandards.  The h igh  
r a t i o  g ives  i t  a high degree of s h o r t  term s t a b i l i t y ,  and it 
is compatible 
d a t a  are quoted, 
t h e  most compact 
s i g n a l  t o  n o i s e  
is  consequently 
b e s t  s u i t e d  t o  a rugged environment. 
pensa te  f o r  t h e  e f f e c t s  of v i b r a t i o n  upon the  c r y s t a l  o s c i l l a t o r .  
The atomic r e fe rence  is  a b l e  t o  com- 
It is  t o  be noted from Table 5 t h a t  f o r  space/power/weight l i m i t e d  
s i t u a t i o n s  i t  is poss ib l e  t o  ope ra t e  t h e  rubidium standard without t h e  f r e -  
quency syn thes i ze r  and o b t a i n  a r a t h e r  compact u n i t .  
x 11" f o r  G. Tech. 306A). The m i l i t a r y  and miss i leborne  u n i t s  have been 
t e s t e d  f o r  performance under shock, v i b r a t i o n ,  humidity and o t h e r  harsh  con- 
d i t i o n s  as s p e c i f i e d  by the  m i l i t a r y .  
(Dimensions 9'' x 6" 
Li fe t ime d a t a  on rubidium frequency s tandards  has  been accumulated s i n c e  
1961 by Varian Assoc ia tes  and General Technology Corporation. 
Varian u n i t s  used vacuum tube  lamp e x c i t e r s  and these  u n i t s  exh ib i t ed  a MTBF 
of  between 4000 and 5000 hours. Later models using s o l i d  state e x c i t e r s  
exh ib i t ed  an MTBF of 7500 hours, and t h i s  w a s  increased  t o  24,000 hours  i n  
u n i t s  engineered f o r  r e l i a b i l i t y .  
has  been a l l  s o l i d  state s i n c e  f i r s t  so ld  i n  1961. Thei r  d a t a ~ a l s o  i n d i c a t e s  
a MTBF i n  excess  of 22,000 hours. 
2. Cesium Beam Frequency Standard 
Also included i n  Table 5 is  t h e  H e w l e t t  Packard Model 5060A cesium 
The 
The o r i g i n a l  
The General Technology Corporation device  
beam standard and t h e  Nat ional  Company NC 3501 cesium beam s tandard .  
i nc reased  weight and volume is as soc ia t ed  wi th  t h e  geometry of t h e  beam tube  
and t h e  n e c e s s i t y  of providing magnetic sh i e ld ing  over  i ts  length .  The beam 
tube  used i n  t h e  HP 5060A i s  16 inches  long, 5-1/2" i n  diameter  and weighs 
1 6  pounds. This  compares wi th  t h e  lamp-cavity-detector u n i t  of t h e  rubidium 
frequency s tandards  which is t y p i c a l l y  10" long,  and 5-1/2" i n  diameter ,  and 
1 7 3  
weighs approximately 7 pounds. It i s  poss ib l e  t o  imagine a miss i leborne  
u n i t  equiva len t  t o  the  Gen. Tech. 306A which would inc lude  only  the  beam 
tube and b a s i c  e l e c t r o n i c s  without t h e  frequency syn thes i ze r .  
approximately one-half cubic  foo t  and a weight of approximately 25 pounds 
should be poss ib le .  
A volume of 
The l i f e t i m e  of t h e  cesium beam frequency s tandard i s  determined by 
The commercial u n i t s  o f f e r  a 10,000 t h e  l i f e t i m e  of t h e  atomic beam tube. 
hour guaranteed opera t ing  l i f e t i m e  on t h e  beam tube.  
c u i t r y  is  expected t o  e x h i b i t  a much longer  expected l i f e t i m e .  
D. Active Frequency Standards 
The e l e c t r o n i c  cir-  
1. Hydrogen Maser 
The only a c t i v e  s tandard which is commercially a v a i l a b l e  a t  t h i s  t i m e  
is  t h e  Varian Assoc ia tes  Atomic Hydrogen Maser, Model H-10. 
t h e  hydrogen maser is  a l a r g e  and heavy device. 
t h e  s i z e  is t h e  long wavelength (21cm) of t h e  hydrogen resonant  frequency, 
and the  need f o r  a high Q resonant  c a v i t y  t o  s u s t a i n  s e l f  o s c i l l a t i o n .  I n  
add i t ion ,  magnetic sh i e ld ing  of t h e  s t r u c t u r e  i s  required and continuous 
pumping of t h e  system i s  requi red  t o  maintain a h igh  vacuum. The weight 
and volume information f o r  t h e  H-10 maser is  included i n  Table 5. The d i -  
mensions are 24" x 24" x 79". R e l i a b i l i t y  and l i f e t i m e  d a t a  does not  seem 
t o  be a v a i l a b l e  a t  t h i s  t i m e .  
By i t s  n a t u r e  
The p r i n c i p l e  reason f o r  
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V. CONCLUDING REMARKS - FUTURE 
A. The Choice of an O s c i l l a t o r  - 
A t  t h i s  po in t  t h e  reader  w i l l  a p p r e c i a t e  t h a t  each of the  s t a b l e  
o s c i l l a t o r s  discussed has  i t s  v i r t u e s  and f a u l t s .  For many a p p l i c a t i o n s  
t h e  performance of t h e  c r y s t a l  o s c i l l a t o r  w i l l  be adequate and an  atomic 
frequency s tandard w i l l  no t  be requi red .  
i s  requi red ,  one may wish t o  use  t h e  expensive and bulky hydrogen maser. 
The advantages and l i m i t a t i o n s  are reviewed a t  t h i s  t i m e .  
In  cases where extreme s t a b i l i t y  
Quar t z  Crys ta l  O s c i l l a t o r s :  
Advantages: Compact, l i g h t  weight, inexpensive,  good s h o r t  term 
s t a b i l i t y  and capable  of p r e d i c t a b l e  long term per- 
formance i f  i n  continuous opera t ion .  
I f  opera t ion  i n t e r r u p t e d  o r  i f  sub jec t  t o  change i n  Disadvantages: 
temperature,  stress o r  v i b r a t i o n ,  t h e  frequency w i l l  
s h i f t  unpredictably.  
Rubidium Gas C e l l  Standard: 
Advantapes: Most compact, l i g h t  weight and least expensive of 
atomic s tandards .  Good s h o r t  t e r m  s t a b i l i t y  (bet ter ' than 
uncontrol led quar tz  o s c i l l a t o r ) .  
formance even when subjec ted  t o  v i b r a t i o n  and temperature  
change. 
Capable of good per- 
Disadvantapes: Not a primary s tandard .  Must be c a l i b r a t e d  a f t e r  manu- 
f ac tu re .  May be sub jec t  t o  small, slow long term d r i f t s .  
Cesium Atomic Beam Standard: 
Advantages: Good long t e r m  s t a b i l i t y  and r e p r o d u c i b i l i t y .  Primary 
s tandard.  Most compact of primary s tandards .  
Short term s t a b i l i t y  not  as good as rubidium standard.  
Loop ga in  not  a b l e  t o  overcome rap id  environmental changes 
such as v i b r a t i o n  o r  sudden acce le ra t ions .  Beam tube  
exp i r e s  (-10,000 hours) .  
Disadvantages: 
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Atomic Hydrogen Maser: 
Advantages: Greatest i n t r i n s i c  r e p r o d u c i b i l i t y ,  long and s h o r t  term 
s t a b i l i t y .  Primary s tandard c a p a b i l i t y .  
Disadvantages: S ize ,  weight and expense. 
It is poss ib l e  t o  approach t h e  choice of a s t a b l e  o s c i l l a t o r  i n  a 
l o g i c a l  manner by ask ing  a sequence of ques t ions .  
t i o n s ,  one w i l l  p r e t t y  w e l l  have determined which o s c i l l a t o r  he must use. 
These ques t ions  are: 
I n  answering t h e s e  ques- 
1. What is  t h e  frequency s t a b i l i t y  requi red ,  both long term and s h o r t  term? 
1 0  Is a long term s t a b i l i t y  of 1 p a r t  i n  10 r equ i r ed ,  o r  a p a r t  i n  
2. What is the: opera t ing  environment? Is t h e  temperature  cons t an t?  Is t h e r e  
a g r e a t  d e a l  of v i b r a t i o n ?  W i l l  t h e  o s c i l l a t o r  be tended o r  w i l l  it 
be requi red  t o  ope ra t e  f o r  long per iods  unattended? 
3.  What are t h e  important phys ica l  c o n s t r a i n t s ?  A r e  t h e r e  l i m i t a t i o n s  on 
weight,  power, s i z e ,  e t c . ?  
4. Is c o s t  important? There i s  a s t rong  c o r r e l a t i o n  between frequency sta- 
b i l i t y  and expense, and between ope ra t ing  convenience and expense. 
A s  an example, suppose t h a t  an o s c i l l a t o r  i s  requi red  t o  o p e r a t e  
aboard an  e a r t h  satel l i te  t o  provide a t iming s i g n a l .  
b i l i t y  requirement is a p a r t  i n  l o l o  and opera t ion  f o r  10,000 hours is 
requi red .  
b i l i t y  of ope ra t ion  is important.  
o s c i l l a t o r  and a rubidium frequency s tandard.  
v i b r a t i o n  and t h e  temperature can be maintained cons tan t  w i th in  narrow 
l i m i t s .  The c r y s t a l  o s c i l l a t o r  w i l l  d r i f t  slowly - but  gene ra l ly  i n  a 
p red ic t ab le  manner. 
smaller long term d r i f t .  
The frequency sta- 
The weight, volume and power c o n s t r a i n t s  are r i g i d ,  and relia- 
The choice i s  thus  between a c r y s t a l  
The environment i s  f r e e  of 
The atomic s tandard w i l l  d r i f t  e x h i b i t  a very much 
The system des igner  would probably choose a 
c r y s t a l  o s c i l l a t o r  and make the  f i n a l  choice on how d i f f i c u l t  i t  is t o  
p r e d i c t  t h e  o s c i l l a t o r  frequency and what a d d i t i o n a l  equipment such a pre- 
d i c t i o n  would make necessary.  
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B. Future  Developments 
It is p o s s i b l e  t o  p r e d i c t  t h e  fol lowing developments i n  s t a b l e  o s c i l -  
l a t o r s .  
Quar tz  Crystal O s c i l l a t o r s  
Reduced i n i t i a l  s t a b i l i z a t i o n  per iods ;  reproducib le  d r i f t  rates; 
improved s h o r t  term s t a b i l i t y ;  exp lo ra t ion  of e f f e c t s  of nuclear  r a d i a t i o n ,  
shock and v i b r a t i o n .  
Rubidium Frequency Standards 
Further  s i z e  reduct ions  as pumping source improve and more e f f i c i e n t  
genera t ion  of power at high f requencies  enables  e l imina t ion  of cav i ty .  
Short t e r m  s t a b i l i t y  w i l l  improve as b e t t e r  c r y s t a l  o s c i l l a t o r s  evolve. 
Cesium Beam Frequency Standard 
Better s h o r t  term s t a b i l i t y  as c r y s t a l  o s c i l l a t o r s  evolve and increased 
beam tube  c u r r e n t s  improve atomic beam c o n t r o l  s i g n a l .  Corresponding improve- 
ments i n  tube  dimensions and tube  l i f e t i m e  are t o  be expected. 
Atomic Hydrogen Maser 
Reductions i n  s i z e  and weight are t o  be expected. Automatic c o n t r o l  of 
c a v i t y  tuning and o the r  func t ions  now requ i r ing  a human opera tor .  
Other 
Fur ther  improvements are t o  be expected i n  the  rubidium maser o s c i l l a -  
-
tor ,  and t h e  a v a i l a b i l i t y  of a commercial u n i t .  Such a device w i l l  improve 
upon t h e  s h o r t  term s t a b i l i t y  of t h e  rubidium frequency s tandards ,  but w i l l  
s t i l l  be sub jec t  t o  the  long t e r m  l i m i t a t i o n s  of t hese  devices .  
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FIGURE CAPTIONS 
Figure 1. a )  Quartz resonator ,  b) equiva len t  c i r c u i t ,  and e )  magnitude and 
phase angle  of impedance. 9 = 1/% , w1 = w2- . 
Figure 2. Block diagram of commercial q u a r t z  o s c i l l a t o r  (Hewlett Packard 
Model 106 A,B). 
z 
Figure 3. Typical  c o n t r o l  s i g n a l  f o r  pass ive  atomic frequency s tandard.  
Figure 4. Atomic energy l e v e l  diagram f o r  rubidium atom. 
Figure 5. S p l i t t i n g  of lowest energy s ta te  of rubidium 87 atom wi th  appl ied  
e x t e r n a l  magnetic f i e l d .  
Figure 6. Funct ional  block diagram, rubidium gas  cell  frequency s tandard .  
F igure  7. Schematic diagram, o p t i c a l  pumping of rubidium atoms. 
Figure 8. Emission spectrum from rubidium lamp conta in ing  n a t u r a l  rubidium 
(72% Rb85, 28% Rb87). 
Figure 9. Funct iona l  block diagram, cesium atomic beam frequency s tandard 
(Hewlett Packard, Model 5060A). 
Figure 10. Schematic diagram of atomic beam resonator .  
providing a uniform magnetic f i e l d  throughout the i n t e r a c t i o n  
reg ion  is  not  shown. 
The C f i e l d  magnet 
F igure  11. Schematic diagram of t h e  atomic hydrogen maser. 
magnet providing a uniform magnetic f i e l d  throughout t h e  i n t e r -  
a c t i o n  reg ion  is not  shown. 
The C f i e l d  
F igure  12. Block d i a  ram of hydrogen maser frequency s tandard.  
Figure 13. Schematic of appara tus  f o r  frequency s t a b i l i t y  comparisons. 
F igure  14. Atomic o s c i l l a t o r  s t a b i l i t y  p l o t  from Reference 5 .  The symbols 
Cs, Rb, W i d e n t i f y  t h e  type  of o s c i l l a t o r  f o r  which d a t a  taken. 
The numbets next  t o  t h e  d a t a  p o i n t s  r e f e r  t o  t h e  d a t a  source l i s t e d  
i n  Table  9. 
i n d i c a t e  t h e  degree of unce r t a in ty  i n  s t a b i l i t y  measurements (95% 
confidence i n t e r v a l s )  and g e n e r a l l y  r e f l e c t  a small number of 
samples. 
s t a b i l i t i e r .  
The unce r t a in ty  l i m i t s  on t h e  measurement p o i n t s  
The s o l i d  curves  i n d i c a t e  t h e o r e t i c a l l y  ca l cu la t ed  
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Figure 15. Phase difference measurements, in microseconds, between two 
General Technology Corporation rubidium gas cell frequency 
standards. 
Figure 16. Phase difference measurements, in microseconds, between two 
Hewlett Packard cesium beam atomic frequency standards (from 
Reference 5). 
Figure 17. Frequency stability data taken from National Bureau of Standards 
Calibration Reports for various frequency standards. (from 
Reference 5). See text for description of data taking process. 
Figure 18. Frequency stability data taken from NBS report on TRW (STL) 
rubidium frequency standard. 
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APPENDIX G 
SATELLITE OSCILLATOR RESET 
Left to itself a good crystal  oscillator will age at a rate of the 
order  of 1 to 5 parts in  l o l o  per day, i. e., 
where 
[ l .  10-10 
k =  t5* l o - l o  per day 
1 . 1 0 - l ~  -I 5 . 1 0 - l ~  - per sec 
As a clock then 
(At) = kt ?E 
or  
1 2  A t = k  t z k t  
0 
The effect of this aging characteristic on accuracy is not of concern here  
since it i s  assumed that the user  has available to him calibration informa- 
tion essentially equivalent to k 
bration have already been considered in Reference 1. 
concerned with the time station-keeping problem of insuring that each 
satellite maintains its transmission within its as signed time multiplex 
slot with a tolerance, T, of the order of LO. 2 sec. 
control only, the optimum (minimum) control strategy is as shown in 
Figure C-1. 
the e r r o r  just  reaches the positive limit, and in such amount as to 
and k and the residuals f rom such a C a l i -  
0 
Rather we a r e  
If we assume frequency 
Discrete frequency change commands are issued at the time 
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just  cause the negative e r r o r  to reach the negative limit. 
a path given by: 
A t  then follows 
1 2  kt  At(t) = a + bt + 
in which the constants can be evaluated f rom the boundary condition: 
At(0) = t'T 
= -T  
Atmin 
Thus a = T. Then the minimum i s  given by 
d At(tm) = 0 = b t ktm 
or 
and 
or  
and 
The reset  time i s  
b2 b2 
k Atmin = T - - t ZI; 
b = - 2 m  
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In confirmation of which the e r r o r  at reset time is: 
At(7) = T - (2 a) (44)+ 5 (16%) 
= T  
Thus with typical numbers k = 5. 
interval is: 
and T = .02 sec., the reset  
7 =  
5.10- 
6 = 8 * 10 sec. 
= 100 days 
The maximum frequency e r r o r  corresponding to reset times is then 
@) =[& (At)]  
max max 
= &2 d.02.5.10 - 15 
-8 = f2.10 
which corresponds to a velocity correction of k20 f t /  sec. 
control should provide a resolution of the order of 2 parts in lo9  at least. 
The frequency 
Over a maximum postulated 10 year lifetime, the total frequency 
correction capability would have to be of the order of 
-6 = 1.8. 10 
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if the aging rate were constant at its worst assumed value, which is 
undoubtedly pessimistic. 
situation. They are: 
Three factors combine to ameliorate this 
1) The aging rate tapers off with time. 
2) The oscillators will tend to age together and only the 
difference needs to be controlled. 
The time standard can be run at any rate to accommodate 
the mean o r  swarm of satellite oscillators. 
3) 
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APPENDIX D 
NAVSAT COMMAND REQUIREMENTS 
The NavSat Electrical Integration Assembly (EIA) provides a capability 
of 64 discrete commands. Three standard types of camraands are supplied: 
Type 1 Law Level Pulses 
True State - 3.75V + L25V 
False State - 0.OV + 0.5V - - 4OMS+4MS Duration - 
Medium Power Pulses 
True State - 28.-v - + 2.OV 
False State - 0.OV -I- 1.OV - 
Duration - 4om+4MS - 
Type I1 
Type I11 Relay Closures 
Momentary - 4 O M S t 4 M S  - 
or 
Ut ching - U n t i l  Commanded Open 
2 Amp Maximum Capacity (Resistive Load) 
In addition, any of the above commands can be provided with a pulse 
duration selected by ground command. 
i n  the present design is for the f i r e  periods associated w i t h  thruster 
firing. 
Table I presents a l is t  of the commands selected f o r  NavSat. 
of 21 unassigned commands exist  i n  the present design. 
!!%e only use of t h i s  capability 
A t o t a l  
Consideration of mission and orbi ta l  operations requirements was the 
p r i m y  influence i n  selection of the commands so that the capability 
was prodded to: 
0 In i t ia te  discrete events 
0 
0 Select redundant equipment 
0 
Cormnand selected equipment 0% or OFF 
Change t o  alternate modes of operation. 
Selection of commands was also made i n  conjunction with selection of 
the telemetry measurements t o  ensure that i f  anomalous behavior of 
the spacecraft equipment were noted, a means t o  rect i fy  it was avail- 
able. For example, if  Navigation Transmitter No. 1 was detected t o  
be overheating, the capability t o  command it OFF and t o  command Nav- 
igation Transmitter No. 2 ON was provided. 
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I 
Y 
CtXllUXd 
Number 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
ll 
Subsystem 
A t t i t u d e  
Control 
Attitude 
Control 
TABLE I 
NAVSAT COMMAND LIST 
N o m 1  Mode 
E a r t h  Sensor No. 1 Mode 
Eas th  Sensor No. 2 Mode 
Ground Despin Mode 
Valve Driver Set No. 1 ON 
Valve Driver Set No. 2 ON 
Valve Drivers OFF 
A x i a l  Thrusters No. 1 
A x i a l  Thruster No. 2 
R a d i a l  Tbkuster Bo. 1 
R a d i a l  Thruster No. 2 
Flmction 
Sets control logic i n  
dual earth sensor mode 
Selects earth sensor 
No. 1 output for  
single earth sensor 
operation 
Selects earth sensor 
No. 2 output for 
single earth sensor 
operation 
Sets control logic 
for  operation of MDA 
by Ground Control (AEP) 
Selects No. 1 bank 
of thruster coils 
Selects No. 2 bank 
of thruster coils 
Removes driver voltage 
t o  prevent inadvertent 
firing of thrusters 
Sets s w i t c h  in EIA t o  
route f i r e  period 
command t o  axial 
thruster No. 1 
Sets swltch i n  EIA 
t o  route f i r e  period 
command t o  axial 
thruster No. 2 
Sets switch In EIA 
t o  route f i r e  period 
comnrand t o  radial 
thruster No. 1 
Sets switch i n  EIA 
t o  route fire perioii 
c o m d  t o  radial 
thruster PJo. 2 
Z X E  
I1 
I1 
I1 
I1 
I1 
I1 
I1 
I 
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c-d 
Number 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
Subsystem 
Navigat ion 
Navigation 
cormnand 
T.D. Transponder OFF 
T.D. Transponder Disable 
Change Despin Electronics 
Frequency Ad just 
Transponder Mode Override 
Nav, Transmitter No. 1 ON 
Nav. Transmitter No. 2 ON 
Nav. Transmitters OFF 
Time Base Unit No. 1 ON 
Time Base Unit No. 2 ON 
Time Base Units OFF 
Data Encoder No. 1 ON 
Data Encoder No. 2 ON 
Table I 
Page 2 
Function 
Turns tracking data 
transponder OFF 
Puts tracking data 
transponder i n  
standby mode 
Changes MDA electronics 
t o  alternate (redundant ) 
mode 
Signal t o  t i m e  base 
unit t o  adjust 
oscil lator frequency 
Signal t o  t i m e  base 
un i t  t o  inhibit 
transponder modulation 
Turns navigation 
%ransmitter No. 1 
ON, No. 2 OFF 
Turns navigation 
transmitter No. 2 
ON, No; 1 OFF 
Turns navigation 
translrritters OFF for 
lcm power and test 
conditions 
Turns time base unit 
No. 1 ON, No. 2 OFF 
Turns time base un i t  
No. 2 ON, No. 1 OFF 
Turns t i m e  base units 
OFF for law parer and 
test conditions 
Turns data encoder 
No. 3 OFF 
NO. 1 ON, NO. 2 a d  
Turns data encoder 
No. 2 ON, No. 1 and 
No. 3 OFF 
%!€!E 
I1 
r 
I 
I 
I 
I1 
rI 
I1 
I1 I 
I11 
I11 
I11 
I11 
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C-d 
Number Sub system 
Navigation 
Commnd 
Data Encoder No. 3 ON 
Function %!E 
Turns data encoder I1 
No. 3 (IN, No. 1 and 
No. 2 OFF 
25 
26 Navigation D a t a  Encoders OFF Turns data encoders I11 
OFF for  low power and 
t e s t  conditions 
27 Telemetry 
and c-d 
T&C Transmitter No. 1 ON Turns T&C Transmitter I11 
No. 1 ON, No. 2 OFF 
'kups T&C Transmitter I11 
No. 2 ON, No. 1 OFF 
'Turns T&C Transmitters OFF I11 
28 T&C Transmitter No. 2 ON 
29 
30 
T&C Transmitters OFF 
TLM Encoder No. 1 ON Turns t e lemtry  I11 
encoder No. 1 ON, 
No. 2 OFF 
31  TLM Encoder No. 2 ON Turns telemetry I11 
encoder No. 2 ON, 
No. 1 OFF 
32 
33 
34 
35 
36 
Telemetry 
and c- 
TLM Encoders OFF 
Apogee Motor Ignite 
Battery No. 1 N o r m a l  
Battery No. 2 Normal 
Battery No. 1 OFF-Charge 
Turns telemetry 
encoders OFF 
Prqpulsion Fires apogee 
motor squibs 
Power Connects battery I1 
No. 1 t o  main bus 
Come c t s battery I1 
No. 2 t o  main bus 
Remoms battery I1 
No. 1 from main bus 
and connects t o  
charge circuit  
37 Battery No. 2 OFF-Charge Removes battery I1 
No. 2 from main bus 
and connects t o  
charge circuit  
38 
190 
Battery No. 1 OFF - 
Recondition 
Power Removes battery I1 
No. 1 f r o m  main bus 
and connects t o  
reconditioning load 
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cormnand 
Number 
39 
40 
41 
42 
43 
44-64 
Subs ys t e m  
Power 
Power 
Electrical 
Integration 
Electrical 
Integration 
Not Assigned 
Cormoand 
Battery No. 2 OFF - 
Recondition 
Undervoltage Control - 
N o m 1  
Undervoltage Control - 
Override 
Current Monitors ON 
Current Monitors OFF' 
Function 
Removes battery 
No. 2 from m i n  bus 
and connects t o  
reconditioning load 
A l l o w s  undervoltage 
sensor t o  remove 
selected loads 
during l o w  voltage 
conditions 
Inhibits abwe function 
Turns prirnary bus 
current monitor ON 
Turns primary bus 
current monitor OFF 
t o  conserve power 
ZlYE 
I1 
I 
I 
I 
I 

A P P E N D I X  E 
T E L E M E T R Y  ME ASUREMZNTS 
The telemetry encoder for the NavSat Program has been selected from the 
Intelsat I11 Program. 
which are amplitude and frequency modulated w i t h  the rea l  time and house- 
keeping data as shown in Figure I. The three telemetry subcarriers are 
summed into a combined signal which phase modulates the telemetry trans- 
mitter carrier. 
This encoder provides three telemetry subcarriers 
Real time data are provided for c r i t i ca l  signals required for ground 
control of the spacecraft. These signals are the earth sensor and sun 
sensor pulse outputs, the mechanically despun antenna reference pulse, 
and the period for w h i c h  the thruster solenoids are cormnanded t o  f i re .  
Housekeeping data are provided by 63 time-multiplexed channels of a 
ripple counter which  operate at  a rate of one frame per minute. 
frame format has two synchronization channels which leaves a t o t a l  of 
61 channels for housekeeping information. The sample period for each 
channel i s  .85 seconds. 
The 
Table I presents a l i s t  of the housekeeping telemetry measurements 
selected for NavSat. The channel assignments for these measurements 
are shown in Figure 11. Two types of housekeeping information are 
provided: analog outputs, which are varying parameters such as trans- 
mitter temperature, and discrete outputs, which are On/Off indications 
such as receiver signal presence. Most measurements are sampled at  
the rate  of one per minute. 
measurement is  supercommutated into additional channels such as primary 
bus current which  i s  provided at four samples per minute. 
l i s t  presented allows a spare capability of eight channels. 
surements selected provide sufficiently adequate information t o  deter- 
mine the spacecraft operational, performance, malfunction, and diagnos- 
t i c  requirements. 
Where better resolution is  required, the 
The telemetry 
The mea- 
The analog -pe;rmeters are conditioned t o  a voltage range of 0 t o  5 
volts. 
more telemetry capability. 
for three discretes (A, B, C )  for the various t r u e  (1) and false (0) 
level combinations of the discretes. 
The discrete parameters are summed three t o  a channel t o  provide 
Table I1 shows the summed channel voltage 
TABLE I1 
Discrete 
A B C !  
0 0 0  
1 0 0  
0 1 0  
1 1 0  
0 0 1  
1 0 1  
0 1 1  
1 1 1  
- - -  
Channel 
Voltage 
0.00 v 
.0.71 v 
1.43 V 
2.14 V 
2.86 v 
3.57 v 
4.28 V 
5.00 v 
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